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Abstract

Groundwater and soil contaminated by organic compounds is a world wide
environmental problem. Coal tar, crude oil and other complex multicomponent
mixtures introduced into the subsurface by accident, uncontrolled discharging and
unsuitable treatment of the products and byproducts, were persistent and act as
continuous sources of contaminants. These complex mixtures are liquid, immiscible

with water and known as non-aqueous phase liquids (NAPLs).

The compounds inside the bulk NAPLs phase may move into gas, water and solid
phase in the subsurface environment. This transferring process includes evaporation,
volatilization, dissolution, diffusion, sorption and chemical and biochemical reaction.
The NAPLs interfacial phase may be subject to a visible phase change during this
process, that is the bulk liquid phase may change to a viscous or solid phase. This
process of phase change is referred to as “aging”, and the newly formed visible
interfacial phase is named as “aged film” or “skin film”. This aging process may
change the mechanical, physical and chemical properties of the interfacial phase.
Subsequently, affect the mass transfer, spreading, recovery and bioavailablity of
NAPL and solutes in NAPL. The aging phenomenon of NAPLs was studied in this
work by pendant drop test and batch experiment, and the compositions of fresh and
aged NAPLs were analyzed by GC-MS. All of the NAPLs tested in the lab showed
visible aged films within shorter or longer time periods. The compositions of fresh
and aged coal tars were dramatically different, especially for BTEX, polar compounds
and light molecular weight PAHs, which were much lower in the aged coal tars than
fresh ones. The effects of environmental conditions on aging process were
investigated using batch and continuously flow through experiments. The results
indicated that, (i) depletion of water soluble compounds is important to the aging
process of crude oil, (ii) evaporation and volatilization contribute more to the aging of
coal tar, (iii) oxidation by H,O; or O; is not a decisive condition in the aging process
of coal tar, and (iv) pH of the solution is key to the leaching properties of certain

compounds, however, it has no detectable effect on the formation of interfacial film.

The mass transfer of organic compounds from NAPLs to other phases determines the
extent of contamination and persistence of the residual phase. Therefore, the

understanding of this process is important for the risk assessment and remediation
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effectiveness to the sites contaminated by NAPLs. This process is known involving
multiple processes and no single process alone is responsible for it. A lumped
parameter — mass transfer coefficient (k, cm/s) was therefore introduced to describe
the combined processes. The mass transfer process can be described by different
model depending on the boundary conditions, and k can be obtained as a fitting datum.
The batch model was used to describe the experimental data of simple model NAPLs
and aged coal tar-water systems. The simulated concentration profiles matched well
the experimental data, and k£ values were obtained for individual compounds and
compared well with published experimental data. Remarkably, the & of most
compounds are about two orders of magnitude lower in aged coal tars than those in
model and fresh NAPLs, which indicated the resistance of mass transfer increased

with aging process of NAPLs.

However, the batch model used here can only describe the kinetic mass transfer
process for batch system. A model that could simulate dynamic mass transfer process
is needed, especially for the mass transfer process accompanied by aging of NAPLs.
Therefore, a small-scale experiment was performed, which was conducted by a
continuously stirring flow through reaction system (CSFTRS). A continuously flow
model coupling mass transfer through interface and advective flow was used to
analyze the experimental data. The analytical solution of this flow model can be used
to simulate the mass transfer process in simple model NAPL-water system. A

numerical model considering the general form of Raoults”s law was established to

simulate the complex NAPL-water system. The simulated concentration profiles
agreed with the experimental results. The functions of activity coefficient to mole
fraction and k& were also obtained from this numerical model. All of these data

matched with the published in the literatures.

The physicochemical parameters obtained from NAPL-water systems enhanced our
understanding of the properties of the interfacial phase, especially when it underwent
aging process. Further experiment should be performed with real NAPL-water system
by CSFTRS, and the numerical model could be modified by more experimental data.
Thus, an improved understanding of dynamic mass transfer process along with

NAPLSs aging process may be obtained.
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Zusammenfassung

Grundwasser- und Bodenverunreinigungen durch organische Schadstoffe stellen
weltweit ein Problem fiir die Umwelt dar. Steinkohlenteer, Rohol und andere
komplexe Schadstoffmischungen, die durch Unfille, unkontrollierte Entsorgung und
den unsachgemiflen Umgang mit diesen Stoffen in den Untergrund gelangen, bilden
persistente und langanhaltende Schadstoffquellen. Diese komplexen Mischungen sind
fliissig, mit Wasser nicht mischbar und daher als nichtwédssrige fliissige

Schadstoffphasen (NAPLs) bekannt.

Die einzelnen Schadstoffverbindungen konnen aus dem NAPL-Phasenkorper in die
ungesittigte und die gesittigte Bodenzone austreten. Dieser Ubergang beinhaltet
Evaporations-, Verfliichtigungs-, Losungs-, Diffusions-, und Sorptionsprozesse sowie
chemische und biochemische Reaktionen. Die Grenzfliche zwischen NAPL-Phase
und Luft, bzw. Wasser kann dabei einer sichtbaren Veranderung unterliegen, die sich
in einem viskosen bzw. festen Film auf der Oberfldache der Fliissigkeit dullert. Diese
Verdnderung wird auch als “Alterungsprozess” bezeichnet und die neu gebildete
Oberfldche ist als “Alterungsfilm oder —haut” bekannt. Der Alterungsprozess der
NAPLs wurde mithilfe eines “Tropfentests” und in Batchreaktoren untersucht und die
Zusammensetzung der frischen, sowie der gealterten NAPL-Phase mittels GC-MS-
Analyse bestimmt. Alle der im Labor untersuchten NAPL-Phasen bildeten friither oder
spater diesen sichtbaren Alterungsfilm an der Oberfldche. Die Zusammensetzung der
frischen und der gealterten Steinkohlenteere zeigte grole Unterschiede, vor allem fiir
BTEX, polare Verbindungen und PAKs mit geringen Molekulargewichten, die im
gealterten Produkt weitaus niedriger waren als im frischen Steinkohlenteer. Der
Einfluss von verschiedenen Umweltbedingungen auf diesen Alterungsprozess wurde
mithilfe von Batch- und Durchflussreaktoren untersucht. Die Ergebnisse zeigen, dass
(1) die Abnahme von wasserloslichen Verbindungen einen wichtigen Effekt auf den
Alterungsprozess von Rohdlen hat, (ii) Evaporation und Verfliichtigung bei der
Alterung von Steinkohlenteer eine grofBere Rolle spielen, (iii) Oxidationsprozesse
dagegen kaum einen Einfluss auf den Alterungsvorgang von Steinkohlenteer haben
und (iv) der pH-Wert der Losung zwar entscheidend fir die
Auslaugungseigenschaften der einzelnen Verbindungen ist, aber keinen

nachweisbaren Einfluss auf die Bildung des Grenzflidchenfilms hat.



Der Massentransfer organischer Verbindungen aus der NAPL-Phase in andere Phasen
bestimmt den Verbleib der Schadstoffe und die Persistenz der Schadstoffquelle. Daher
ist das Verstindnis dieser Prozesse wichtig bei der Risikoabschédtzung und dem
Sanierungserfolg kontaminierter Standorte. Nicht nur ein einzelner Prozess ist dafiir
verantwortlich, sondern viele unterschiedliche Prozesse finden gleichzeitig statt. Um
das Gesamtsystem zu beschreiben, wurde ein Summenparameter, der
Massentransferkoeffizient (k, cm/s) eingefiihrt. Der Massentransferprozess kann
abhingig von den Rahmenbedingungen durch unterschiedliche Modelle beschrieben
werden und & kann dabei als Fittingparameter ermittelt werden. Der Batchversuch
wurde als Modell benutzt, um Losungsprofile einfacher Modell-NAPLs und gealterter
Steinkohlenteer-Wasser-Systeme Zu beschreiben. Die simulierten
Konzentrationsprofile stimmen dabei sehr gut mit den experimentellen Daten {iberein,
und die Werte fiir &, die dabei ermittelt wurden, sind gut mit bereits verdffentlichten
Daten vergleichbar. Zudem zeigte sich, dass die Massentransferkoeffizienten der
meisten Verbindungen um etwa zwei Groflenordnungen niedriger in den gealterten
Steinkohlenteeren als in den Modell- und frischen NAPLs waren, was einen Hinweis
auf die Resistenz des Massentransfers mit zunehmendem Alterungsprozess der

NAPLs liefert.

Allerdings kann das Batchmodell lediglich den kinetischen Stoffiibergang innerhalb
von Batchsystemen beschreiben. Notwendig ist ein Modell, das den dynamischen
Massentransferprozess simulieren kann, vor allem beim Alterungsprozess von NAPL-
Phasen. Dazu wurde ein Experiment durchgefiihrt, das im kleinen Malstab
Umweltprozesse simuliert, ein sog. stindig bewegtes Durchflussreaktor-System
(CSFTRS). Ein kontinuierliches Stromungsmodell, das den Massentransfer durch die
Oberfliache und den advektiven Transport verbindet, wurde benutzt. Die analytische
Losung dieses Modells kann dazu eingesetzt werden, den Massentransfer in einfachen
Modell-NAPL-Wasser-Systemen zu simulieren. Das numerische Modell, das die
Aktivitdtskoeffizienten und das Raoultsche Gesetz beachtet, kann die Prozesse in
komplexen NAPL-Wasser-Systemen abbilden. Der Aktivititskoeffizient und
Stoffmengenanteil sowie k konnten auch mithilfe des numerischen Modells erhalten

werden.
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Sinnvoll wire es, zusidtzliche CSFTRS-Experimente mit reellen NAPL-Wasser-
Systemen durchzufilhren und das numerische Modell mithilfe weiterer
experimenteller Daten zusitzlich zu validieren und zu optimieren. Der dynamische
Massentransfer, der mit dem Alterungsprozess von NAPL-Phasen verbunden ist,

konnte mithilfe dieses Modells beschrieben werden.
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Nomenclature

anm

Ssub
T, Tm, Tt

AC,
AH
AS

. . . 2
Specific interfacial area (cm*/cm’)
interfacial or surface area (cm®)

concentration (mg/L or ug/L), it could be the concentration in water
and organic solvent or organic mixture

equilibrium aqueous phase concentration (mg/L or ug/L)
longitudinal dispersion coefficient (cm®/s)

fugacity ratio (-)

mass flux (mg.s™.cm™)

mass transfer coefficient (cm/s)

mass transfer rate coefficient (1/s)

mass (g or mol)

empirical fitting exponent (-)

two-phase partition coefficient (L/kg or mL/g); a could be organic
solvent or organic mixture, b could be water and other phases

flow rate (mL/min)

mass transfer resistance (kg/L or g/mL)
Water solubility (mg/L)

Subcooled liquid solubility (mg/L)
temperature (K), melting temperature, triple point temperature
volume (L or cm?)

universal gas constant (8.3145 J.mol K ™)
heat capacity difference (J.mol.K™")
enthalpy change (kJ/mol)

entropy change (kJ.mol™" K™)

mole fraction (-)

activity coefficient (-)
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Acronyms

BE batch experiment

BTEX benzene, toluene, ethylbenzene, xylene

CFTE continuously flow through experiment

CSFTRS continuously stirred flow through reaction system
MGPs manufactured gas plants

NAPLs, LNAPLs, non-aqueous phase liquids, light NAPLs, dense NAPLS
DNAPLs

PAHs polycyclic aromatic hydrocarbons
PDT pendant drop test

RRSS relative residual sum of squares
SCT surface coating test
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Chapter 1 Introduction

1.1 Motivation

With the industrial development, more and more chemicals were produced and
introduced into the environment. Some of these chemicals may enter the subsurface as
a liquid that is immiscible with water and is known as non-aqueous phase liquid
(NAPL). NAPL is less dense than water is termed light non-aqueous phase liquid
(LNAPL, e.g., gasoline, diesel fuel, heating oil) and commonly collect and pool at, or
above, the water table. The other type of NAPL is denser than water (DNAPL, e.g.,
coal tars, creosotes, chlorinated solvent mixtures, PCBs, hydraulic oils containing
PCBs). The DNAPL migrates through the unsaturated zone, continues on a downward
migration through the water table to the saturated zone below, and forms trapped

pools or immobilized ganglia as illustrated in Figure 1.1.

Figure 1.1 Release of NAPLs into porous media, source and plume
From Center for applied geoscience (ZAG), University of Tuebingen

The groundwater, soils and sediments therefore may be polluted by these
contaminates as a form of NAPL by accident, uncontrolled discharging, unsuitable
treatment of the products and byproducts. Particularly in former manufactured gas
plants (MGPs) sites (coal tar), wood treatment facilities (creosotes), dry cleaning shop
and metal degreasing plants (TCE), oil exploration and production sites, oil refineries
or storage facilities (crude oil, or other petrochemicals). The release of NAPL into
natural porous media is an extensive problem at contaminated sites around the world.

The transfer of pollutants across the NAPL interfacial phase (or boundary layer)



determines both the extent of contamination as well as the persistence of residual
NAPL phases. Thus, the knowledge of mass transfer phenomena and partitioning
behavior of the NAPL interface is essential to the understanding of the fate of the

contaminants and the effect to environmental system.

Previous research has shown that NAPL interfaces may be subject to "aging"
phenomena when exposed to water or air. That is the gradual deformation of a
interfacial phase, it changed from flowing liquid to viscous solid skin-like film [1-8].
This change of the NAPL interfacial phase in natural multiphase systems (i.e., porous
medium, water, NAPL) accompanied with a change of physical and chemical
properties of the NAPL interfaces, and the deformation of mechanical and
compositional change of NAPL itself. These changes implicated for mass transfer,
spreading, recovery and bioavailability of NAPLs and their components [9-12].
However, surprisingly little is known about the processes and factors that control the
deformations of NAPL interface, neither about the effects of such films on mass
transfer of organic compounds, despite some effort was made in this field by a few

research groups [5, 6, 10, 13-15].

1.2 Aging phenomena in NAPLs boundary layer
1.2.1 Introduction

Aging is a universal phenomenon, and this study concerns specifically to this
phenomenon of NAPLs interfacial layer. It is a dynamic process occurred where
NAPLs exposure to water and/or air. The deformation of the interfacial phase can be
observed visibly by some experimental methods, the commonly used are pendant drop
test and batch experiment. Numerous studies on bulk phase aging of fuels date back
almost to the onset of crude oil refining [1, 2]. Formation of fuel insoluble matter has
been described frequently and is still of interest because of the industrial problems
found during oil recovery, transport, refining and long-term storage. This
phenomenon was studied by the researchers in the environmental field, and it was
assumed that environmental impact would be decreased and the time span for

remediation would become longer [4, 5, 7, 8, 10].



However, the consistent conclusion of the factors and mechanisms that result in the
formation of interfacial layer is missing, only a few hypotheses and/or factors were

reported and they are followed.

The widely accepted assumption is the film formed mainly because of the aggregation
and deposition of asphaltenes, since asphaltens are of amphiphilic nature, they can
adsorb at the water-NAPL interface acting like surfactants, with their polar groups
residing in the aqueous phase and nonpolar groups residing in the oil phase. The high
molecular weight compounds, resin and asphaltenes associated with fine particles to
form at first micelle. The micelle increased from monomeric sheets to reversed, super
and giant super micelle, later may form floc [13, 15]. The colloidal aggregate
associated to form an interfacial film [15, 16]. This film increases from the expanded
liquid film to condensed liquid film and solid-like three-dimensional network film.
Meanwhile, the structure of the asphaltene film is also changed from two-dimensional

to three-dimensional network [17, 18].

Another possible reason is the oxygen-induced oxidation subsequently leading to
polymerisation, alternative oxidation reactions and acid catalyzed condensations [19].
While under anoxic conditions, aging processes of NAPLs in the contaminated porous
media may be triggered by other factors, e.g., microbial oxidation, catalysis by metals

and their oxides.

Additional processes being invoked to contribute to aging of NAPLs interface are (i)
preferential depletion of polar and high water soluble organic compounds from the
NAPLs [5], and (ii) microbial activity at the bulk and boundary of NAPLs phase [20,
21].

The aging process is though to be concurred with the change of the composition.
Asphaltene, resin (or malene), naturally occurring metal porphyrinse, high molecular
weight carboxylic acids and aromatic carboxylic esters have been tentatively
identified as interfacial film constituents [16, 22]. Totsche [11] found in a NMR study
substantial differences in bulk and interface chemical composition, an increase in
"chemical diversity" at the interface in particular regarding polar oxygen-containing
compounds was reported. The components thought to be connected to aging effects
include N-heterocylic compounds (e.g. pyrroles, pyridines, furan, and quinolines),

diolefins, phenols, styrene, organic acids, naphthenic acids, thiols, thiophenes,



organometallic compounds, copper, other metals and oxides (Ti0,/Si0,) as catalysts.
Some of these compounds, including phenols and anilines, have been shown to react
with manganese and iron oxides in aqueous systems [22-33]. However, Nelson et al
found that there is no dramatic difference between the composition of the fresh and
aged coal tar film except for the existence of “weakly bound” water in the aged

NAPLs [5, 15, 33].

1.2.2 Knowledge about Asphaltenes

It is commonly believed that water droplets in crude oil or bitumen as well as other oil
droplets in aqueous phase are stabilized by asphaltene macromolecules and/or
aggregates. The presence of the surface-active asphaltenes is also suggested by some
researchers as the main compounds of the aged interfacial films [10, 13, 17, 22, 34].
Therefore, the current knowledge on asphaltenes is summarized here, even thought

the information is still limited.

Asphaltenes are a solubility classified molecules, and defined by ASTM D 2007 — 03
for separation from coat tar and creosotes [35]. In brief, asphaltenes are soluble in
carbon disulfide but insoluble in short-chain alkanes such as n-pentane and n-heptane.
Molecular weight of asphaltens range from 1,000 to 2,000,000 [36], and it depends on
the source, separating temperature, concentration of resin and maltene, separation
techniques etc. [37, 38]. Coal asphaltenes have lower molecular weights, hydrogen,
sulfur, but higher aromaticity and oxygen contents (mainly in phenolic OH and
aromaticc carbonyl forms) than petroleum asphaltenes. The definition of petroleum
asphaltenes is according to ASTM D 4124, IP 143. They have been a hot topic for
petroleum chemists for more than 50 years [3, 18, 39-44]. The term “asphaltene” is
generally applied in the narrow sense of petroleum asphaltene for them. The
postulated generic molecular structure of asphaltene is shown in Figure 1.2.
Asphaltene molecules carry a core of stacked, flat sheets of condensed (fused)
aromatic rings linked at their edges by chains of aliphatic and/or naphthenic-aromatic
ring systems. The condensed sheets contain nitrogen, sulphur, oxygen atoms and
probably vanadium and nickel complexes. The condensed aromatic rings exist in the
form of a non-homogeneous flat sheet. However, the sheets have the tendency to be
attracted towards each other, thus result in the formation of an agglomeration. The

structure of the which is similar to that of a book [45-47].



Figure 1.2 lllustration of the molecular structure of asphaltene (The Heavy Oil Science Centre)
http://tigger.uic.edu/~mansoori/Asphaltene.Molecule_html

1.3 Mass transfer - theory and experimental methodology
1.3.1 Introduction

Mass transfer is referred to as a physical process that involves molecular and
convective transport of atoms and molecules within physical systems. It can be
aqueous and gaseous diffusion within a phase and interphase mass transfer between
phases when there is a fugacity gradient. It occurs during convection, advection,
sorption, diffusion, dispersion and chemical reactions. For the mass transfer between
two phases, it can be described as series of steps: (i) diffusion and advection through
the bulk phase of one of the liquids toward the interface, (i1) accumulation, adsorption
/ desorption, advection, diffusion or chemical reaction at the interface, and (iii)
diffusion and advection away from the interface into the bulk phase of the other liquid
[48, 49]. The 2™ step closely related to the aging process of interfacial phase. As mass
transfer involves multiple processes and no single process alone is responsible for that.
A grouped or lumped parameter-mass transfer coefficient &, (cm/s) is therefore used to

describe the combined processes.

Mass transfer coefficient (k) is a rate constant for the overall process caused by a
driving force due to thermodynamic nonequilibrium and sometimes electrostatic
potential difference. It can be estimated from different theoretical equations
depending on the relations of the environmental and boundary conditions [49, 50]. A

first-order approximation with a linear driving force is commonly used because of the



computational simplicity and the involving of k. The mass flux F, (mgs'.cm?)
defined by Fick’s first law as the amount of compound removed during a unit time

period, depends on the k and concentration gradient and is expressed as:
F(x)=—k-(Ceqs—C) (1.1)

where, C., (mg/L) is the equilibrium concentration, and C is the concentration at a

certain point.

Mass transfer resistance (R): The numerical value of R is equal to the reciprocal of
mass transfer coefficient (//k). The overall mass transfer resistance is related to the
individual layer (or phases) resistances. For multi-phases system (e.g., a interfacial
film is present between the NAPL and aqueous phases)(Figure 1.3), the overall mass

transfer resistance can be expressed as [10, 50, 51]:

1 1 1 1 1

+ + +—
kt kn Pn/a'kn Pa/w'ka kw

(1.2)

where, P (-) are the partitioning coefficients between different phases.

Direction of mass flux -«

Aged NAPL as

separate phase NAPL
Ci,aln Ci,n

Ci,wfa kalw

Water Kanw

Figure 1.3 Hlustration for mass transfer through multi-phase layers

1.3.2 Theories

Several theories describe the mechanisms controlling the mass transfer process

according to different boundary conditions and are used to describe various real cases.

Film theory is the oldest and commonly accepted approach, first proposed by Lewis
[52] and Whitman [53], which assumed a stagnant film exists near interface (Figure

1.3), a solute present at high dilution is slowly diffusing across this film.



Penetration theory works for the situation that there is a flux at the interface, and the
film is very thick [54]. In the vertical direction (z), diffusion is much more important
than convection, and in the horizontal direction (x), diffusion is much less important

than convection.

Surface renewal theory consists of two regions, interfacial region and renewal

region [55].

Boundary layer theory is another well-known and more complete description of
mass transfer, based on the analogy between mass and momentum transport in the
fluid boundary layer at the interface. It can be applied to the flow of fluids with high
viscosity (i.e. water) at low velocity (laminar flow) through flow channels
characterized by small characteristic dimensions (i.e. groundwater flow, fixed bed

adsorption processes, packed-bed contactors) [56].

Many important processes in the environment occur at boundaries, this layer plays an
important role controlling the transport components. This theory was accordingly well
studied and utilized. Schwarzenbach et al. discusses three types of boundary models
according to the shape of the generalized diffusivity profile across the boundary. They
are bottleneck boundary, wall and diffusive boundary [50] (p 837). Since the
concentration gradient is the driving force for the transfer of chemical compounds
through NAPL-water boundary, this diffusive model was accordingly often used in

many studies.

However, it is very difficult to determine the necessary parameters in all theories, e.g.,
film thickness for mass transfer, or velocity and concentration profiles adjacent to
surfaces from which mass transfer is occurring. As a result, & is usually fit to data, and

empirical coefficients are developed to define it rather than measured.

1.3.3 Experimental methods

Several research groups have developed various experimental methods to determine
the mass transfer coefficients for different NAPL-aqueous systems. Some of which

are related to NAPL-water, especially coal tar-water systems are introduced below.

Batch experiment is the simplest method, and performed at various laboratories for
different objectives [8, 57, 58]. Mahjoub installed a batch reactor inside a water bath

and evaluated the mass transfer coefficient. The dependend concentrations of phenols,



toluene and PAHs in aqueous phase at different pH, temperature and ionic strength
conditions were obtained. The mass transfer coefficient was also estimated. The

dissolution of pollutants can be described by:

V. dCi
dt

=A-ki(Ci,eqg—Ci)

(1.3)

where V,, (L or cm’) is the volume of the aqueous phase, 4 is the interfacial area (cm?),
Cieq (mg/L) is the equilibrium concentration, C; (mg/L) is the concentration of the
solute 7 in the aqueous phase at time ¢. The numerical values of parameter &; (cm/s)
were calculated by best-fit adjustment to the experimental results to the integrating

function.

Continuously flow through reaction system (CFTRS) has been employed by many
researchers to perform their experiments and study the releasing of chemicals from
NAPL to aqueous phase [7, 8, 10, 51, 59-61]. This system couples mass transfer and
one dimensional advection flux. The change of concentration in aqueous phase is

described by:

dc. 4 C 0
T k(L YE=.C 14
dt I/w l (Ijo/w l’t) Vw " ( )

where, the first term on the right-hand side of the equation is the first order rate model
(similar to the model described for the batch experiment of eq 1.3), Ci,, is the
concentration of solute i in organic phase at time #, and the second part describes the
advection flux (Q is the flow rate mL/min) through the reactor, k; (cm/s) can be

obtained by fitting, using least squares regression to the integrated form of eq 1.4.

Another experiment was performed by Ramaswami and Luthy [59, 60] in slurry
systems. However, a modeling framework, multi-step mass transport degradation
model was used. That considers equilibrium partitioning at the NAPL-water interface,
and three kinetic processes occurring in the aqueous phase: micropore sorption-
diffusion, bulk aqueous phase transport and first order degradation of bulk phase
substrate. The lumped & was computed from the experimental data for naphthalene

and phenanthrene.



Column experiments: Two groups performed their experiments with the glass
column [62, 63]. In Cho’s work, the measured results were combined together to

calculate bulk mass transfer rate coefficient v (1/s) as follows:

1 2D¢ C.,
V:4DL|:(q_ 7 ln(l—a)) —Q} (1.5)

where L is the length of the column, D; (cm’/s) is the longitudinal dispersion
coefficient, which was estimated from the experimental data, and ¢ (cm/s) is the pore
water velocity in the flow direction. The value of £ and the specific interfacial areas
ane (cm?/cm’) were used to extract so called mass transfer coefficient k; (cm/s) using

the following equation [64]:

= (1.6)

Anw

Tank experiment: tank experiment was carried out in Ahn’s work [65], and the
experimental results were compared with the estimated data by modified rigid sphere
model and obtained the mass transfer coefficient k& (cm/s).

_d 1 d(-Ea

k= 1.7
61_Ed da ( )

where, E; is a dimensionless datum of the system computed by a numerical solution
of the measured data, d, is the characteristic length. And the results indicate that the
mass transfer resistance depends on the resistances of the dispersed and the

continuous phases under different limit conditions.

Above all, the mass transfer in aqueous system depends on the water flow velocity, on
the contact area between NAPLs and other phase, on the physical properties of the
porous medium, and on the properties and resistance of the interfacial and NAPL
phase. It can be imagined as involving a series of several steps, of which one or more

may be rate limiting. [49, 62, 63, 66, 67].

1.4 Effect of aging on mass transfer

Petrochemists have studied the crude oil interfacial phase for long time. These studies
have shown temporal changes of the developing film on viscosity, interfacial tension
and surface wettability of NAPLs interface. In the environmental field most of the

studies focused on coal tar, creosote and crude oil, presumably because the interface



aging develops quite rapidly in contact with oxygenated water, air and solid particles
(clay minerals etc.)[15] and sometimes could be observed visually. A few studies
have reported a pronounced effect of film formation on PAHs partitioning from
NAPLs in aqueous phase [4, 8, 58]. Aging processes at the NAPLs-water interface
also affect the migration and the distribution of residual NAPLs phases in porous
media, as well as the susceptibility of NAPLs to remediation by flushing technologies
[13, 68-71]. The impacts of aging on the availability of a complex mixture of PAHs
were evaluated by Reeves [9] and Huesemeann [12]. The results suggested that aging
causes hydrophobic organic chemicals to become with time less extractable, less

bioavailable, and therefore less threatening to environmental receptors.

However, the studies so far are limited and there is no direct method available to
study such film. Therefore, application of indirect methods such as a set of chemical
probe compounds and model NAPLs may be a promising approach to study the
properties of NAPLs-water interface. A better understanding of the properties of
NAPLs interface as well as the environmental factors that control the formation of
such aged film is expected to improve our ability to assess and model processes in

contaminated sites.

1.5 Objectives

The objectives of this research were therefore to study, (i) the effect of environmental
conditions on formation of a viscous boundary layer, (ii) the compositional and
properties’ difference of the interfacial layers forming under different environmental
conditions and (iii) the effect of boundary layer formation on mass transfer process of
organic contaminates (e.g., phenols, heteroaromatics, PAHs) from NAPL to water
phase. Accordingly, a simple batch experiment will be performed in a series of single
solute NAPL-water systems to obtain the subcooled liquid solubilities, partitioning
coefficient and mass transfer coefficients for some solutes. From that experiment
activity coefficient can also be estimated. These experimental data can be used as
references to compare with the data obtained in the complex and real NAPL-water
systems. Further, pendant drop test, batch experiment, surface coating test and
continuously flow through experiments will be performed to study the aging
phenomena and prepare aged NAPLs. These experiments will be carried out under

different environmental conditions, different pH value, appearance of oxidant or not
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in aqueous solution which were assumed to be important factors affecting the

properties of NAPL interface. The results from these tests can be used to evaluate the

effects of these factors on aging process and concentration change of solutes in NAPL.

Later, a continuously stirring flow through reaction system will be set up to perform

the mass transfer experiment with model NAPL-water system. The experimental

concentrations of different solutes will be used to modify and validate a numerical

model, which needs to be established according to the mass balance equation. The

simulated results can therefore be further compared with that in simple and real

NAPL-water systems.
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Chapter 2 Determination of the subcooled liquid
solubilities of PAHs in partitioning batch experiments

2.1 Motivation

Many organic contaminants occur as components of complex multicomponent
mixtures that are present in the environment as separate organic liquid phases,
commonly referred to as nonaqueous phase liquids (NAPLs). Multicomponent
NAPLSs containing polycyclic aromatic hydrocarbons (PAHs) and other contaminants
exist as liquids even though many of their individual components are solids in their
pure form at ambient temperature. For those compounds, a suitable reference state is
the pure subcooled liquid (a hypothetical state of the liquid), and their water solubility
(i) in equilibrium with the NAPL is determined by the solubility of the compounds in
a (subcooled) liquid state (S; z.») rather than by the solid’s solubility.

In the literature subcooled liquid solubility was estimated and predicted from the solid
water solubility and fugacity ratio of the solid and subcooled liquid phase (f/f), but
rarely derived from experiment. Fugacity is a measure of chemical potential of the
compound from its environment, and the fugacity ratio describes how close the
substance behaves like its reference state. Unfortunately, reliable water solubility data
are lacking for many environmental interest compounds as well as the fugacity ratio
(or enthalpy of fusion)[1, 2]. There are numerous conflicting water solubility values
having been reported in the literature for many PAHs, and published data of fugacity

ratios are however missing for most of the PAHs [2-5].

2.2 Thermodynamic theory

The partitioning of organic pollutants in the environment is determined by their
thermodynamic properties in the gas, liquid, and solid phases. Some of these

properties are introduced briefly as following.

2.2.1 Solubility and activity coefficient

Solubility refers to the ability for a given substance (the solute) to dissolve in a
solvent. Water solubility, S;, or the aqueous solubility of the compound, tells us the
maximum concentration of a given chemical that can be dissolved in pure water at a

given temperature. It is one of the most important physicochemical parameters that
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affects the fate and transport of organic chemicals in the environment, especially in

the subsurface.

The activity coefficient, y;, accounts for the potential nonideal behavior resulting from
intermolecular interactions. The value of the activity coefficient expresses the
escaping tendency of a given compound from the respective solution relative to the
compound’s escaping tendency from its own pure liquid (or other reference states)
[6](p 80). Its values close to 1 are found in those cases in which molecular
interactions in the solution are nearly the same as in the pure liquid compound, and it
can be positive (>1) or negative (<I) in the nonideal solution [6, 7]. The activity
coefficient at infinite dilution in water and in liquid mixture of organic compounds is
an important thermodynamic property. Different techniques and models have been
used for the measurement of activity coefficients of pure compounds at infinite
aqueous dilution [7-14]. However, there are a few reports about the measurement of

activity coefficients in liquid organic mixtures [15-17].

2.2.2 Subcooled liquid solubility and fugacity ratio

A subcooled liquid is an imaginary liquid that is cooled below its melting point
without allowing it to solidify [6, 18]. The aqueous solubility, S;ss», of this
hypothetical liquid tells us something about the molecular interactions of the
compound in its pure liquid state at a temperature where the compound is actually a

solid.

The concept of fugacity f, was introduced by Lewis [19]. It is a measure of chemical
potential in the form of adjusted pressure. It directly relates to the tendency of a
substance to prefer one phase (liquid, solid, gas) to another and it is a state function of
matter at fixed temperature. It was defined as a function of their vapor pressures of

pure liquids and solids.

For compounds that are solids, a suitable reference state for the solubilities in
complex NAPLs is the pure liquid (subcooled liquid) at 1 atm and the temperature of
interest. When the S;;,, of a solid is the “energy cost” of a solid to its subcoooled
liquid state is given by the ratio of the fugacity of the pure solid (f') to the fugacity of
the subcooled liquid (the reference state, f) [20], and S; 5 1S given:

Si,sub = (21)

rIy
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The fugacity ratio (f//') can be evaluated for the pure solute from its thermodynamic

properties as discussed in many texts [21, 22],

f‘?):_AHf
f! RT.

ACp

In
( R

T: T: T:

(1- ?) +——(( —?) + 1n(?)) 2.2)

where 4H; (kJ/mol) is the enthalpy of fusion at the triple point temperature 7; (K), 7'
is the system temperature, R (kJ.mol'K'") is the universal gas constant, and 4C,
(kJ.mol'K™") is the difference in the heat capacities of the liquid and solid. This
equation allows computation of the reference fugacity ratio for a particular compound
at the system temperature given known values of the thermodynamic properties 4H,
T; and A4C,. With an assumption that the compound’s melting temperature 7, is
approximately equal to its triple point (77) and the heat capacities of solid and liquid i

are roughly equal, a simplified version of the equation can be obtained:

f_s
fl

AHy [ Tw
=——(—-1 23
RTm(T ) 23)

In(=—-)

T, values are fairly easy to measure, and numerous observations have been reported
in the literature for PAHs. 4Hy is difficult to measure, and fewer values have been
reported for them. Where data are unavailable, 4H, can be approximated from
AH;y =Tn- ASr, where ASy (kJ .mol'K™) is the entropy of fusion, and Yalkowsky has
shown the entropy of fusion to be roughly constant as 13.5 cal.mol K™ (56.5 J.mol
' X" for rigid organic molecules such as PAHs [23]. This approximation method is

commonly used for data compilations [22, 24-26].

However, significant errors for S, and f/f result if inaccurate values are used for
AHy, T,, and the incorrect assumption for heat capacities and triple point temperature.

In reality, T, is a little higher than 7; for some compounds and a little lower for others

[6] (p101).

2.3 Objectives

Objectives of this study are therefore to (i) develop an experimental method for the
determination of subcooled liquid solubilities of PAHs presenting in a model NAPL-
aqueous phase systems, (i1) extrapolate S;,», from the experimental data for PAHs,

and (iii) estimate the y; and f/# of solute in one component model NAPL.
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2.4 Materials and methods
2.4.1 Materials

In this study, toluene was used as solvent for the model NAPL due to its high
dissolution capability and the chemical similarity to the tested PAHs.

The PAHs studied with their associated purities were: naphthalene (98%), 1-
Methylnaphthalene (99%), 2-Methylnaphthalene (99%), phenanthrene (98%),
anthracene (99%). They were obtained from Aldrich except for phenanthrene, which
was from Alfa Aesar, and were used without further purification. Acetonitrile (HPLC-

grade) was obtained from Mallinckrodt Baker.

2.4.2 Approach of the method design

If the compound behaves ideal in the model NAPL, which means the intermolecular
interactions from the solvent-solvent and solute-solute in the pure state to the solvent-
solute in the solution state are similar, then activity coefficient, y; is unity, and the
equilibrium aqueous phase concentration C;,, (mg/L) can be described by a simplified

version of Raoult’s law (eq.2.4a),

C eg =X Vi Si’sub (Raoult’s law) (2.4)

Cioy =2, Whiley=1 (2.4a)

ieq
where y; (-) is the mole fraction for compound i. Furthermore, in this special case Cj,
can be linearly extrapolated to S; ., where x; is unity as the relationship between Cj,
and y; is linear. If the relationship is non-linear, which implies that the molecular
interactions of a constituent in the organic liquid solution are different from that
compound in a liquid of pure material, and y; being far away from unity. Then a
general form of Raoult’s law including the function of y; (y; = f{y;)) can be used to

express the dependency of the y; in the system composition [15, 17] as:
Ci,eq :f(Zl)Zl .Si,sub (25)
Sisup can then be obtained by a non-linear extrapolation from this modified form of

Raoult’s law to the region where y; is one.

2.4.3 Batch technique

Batch experiment to determine the equilibrium aqueous phase concentration
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The batch experiment was performed in this study is shown in Figure 2.1. All of the

samples were prepared in triplicate, and the operation process is as follows.

TR

—
_— 4 fEe———
N - -

Figure 2.1 Setting up of the batch experiment conducted in this work

The same volume of model NAPL (i.e., a toluene solution of a certain compound with
known y) and millipore water were added to the 5-mL crimp cap vial and sealed with
a Teflon lined septum. The vials were inversed allowing water phase contacting with
the caps, and put in the ultrasonic batch for 15 min followed by centrifugation
(Heraeus Spatech) at 1500 rpm for 3-5 min to get rid of the fine NAPL droplets.
Finally, the vials were stored in a 20 °C room until the equilibrium concentration was

obtained. The equilibrium time period was determined by a separated experiment.

For most of the compounds, the experiments were performed at ambient temperature
(22 £2 °C). However, the solubility of anthracene in toluene is too low, the water bath
was used and the experiments were carried out at a higher temperature (40 = 2 °C).
For a certain compound, a series of batch experiments were conducted with various
mole fractions of target compounds in NAPL as illustrated in Figure 2.1 and listed in
Table 2.1. C;, is the prepared initial solute’s concentration in toluene, and y; is the

initial mole fraction.

Table 2.1 Initial molar fractions and concentrations of solutes employed in the batch experiment

Compound Abbreviation Xi(-)/ Ci(g/L)
Naphthalene Nap 0.001/1.50  0.01/12.22* 0.05/64.12 0.1/134.1 0.2/293.7
2-Methylnaphthalene 2-Mnap 0.01/13.73*  0.05/70.84 0.1/147.8 0.2/334.2
1-Methylnaphthalene 1-Mnap 0.05/70.11* 0.1/147.9 0.2/335.2 0.4/895.4 0.6/2007
Acenaphthene Ace 0.001/1.22 0.005/7.79 0.01/14.18* 0.05/76.44
Phenanthrene Phe 0.001/1.32  0.01/17.15* 0.05/86.63 0.1/183.9  0.15/293.2
Anthracene™* Ant 0.0007/1.63  0.004/6.91*  0.0075/12.23

* experiment to check the time to reach the equilibrium
**the experiments performed at higher temperature of 40 + 2 °C
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Batch experiment to determine the aqueous phase concentration

It is assumed that the equilibrium time periods for a certain compound are similar
even at different y; with same experimental setting up, and the aqueous phase samples
were taken after a longer time than the tested equilibrium time. With this test, the
equilibrium time and the solute concentrations at different time period can be obtained,
the mass transfer process can also be observed. In brief (detailed description of the
operation process see above), seven or more identical samples were prepared and the
aqueous samples were taken at different time periods from different vials. The
aqueous phase concentrations were obtained. The equilibrium time period was taken
when the aqueous phase concentration increased less than 5% during 3 continual

sampling time periods. The tested y; for different compounds are marked in Table 2.1.

The time dependent dissolution of the PAHs in aqueous phase can be given as eq 1.3,

and the integration function of eq 1.3 is:

Ci = Ci,eq - exp(_ki Vit))

w (2.6)
where V (L, or cm’) is the volume of the aqueous phase, A (cm?) is the interfacial area,
Cieq (mg/L) is the equilibrium concentration, C; is the concentration of the solutes i in
the aqueous phase at different time. k; (cm/s) is the mass transfer coefficient, and is
assumed a constant for one compound at a given environmental condition during a
short time period. The values of k& were calculated by best-fit adjustment to the

experimental results with the minimum relative residual sum of squares (RRSS).

2

Ci— Ci) (2.7)

RRSS =3 (£

k=n J
where C; is the effluent concentration data point, and C; is the corresponding model

prediction.

2.4.4 Estimation of partitioning coefficient and activity coefficient

The toluene-water partitioning coefficients (P,,,) expresses as:

Cur Ve g
Ci, eq I/t ]/it

Pi,t/w: (28)
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C;; (mg/L) is the equilibrium concentration of the compounds i in toluene, and it was
assumed equal to that of the initial organic phase concentration (list in Table 1) since

the depletion of mass is relatively small.

As introduced in the previous part, if there is a linear relationship between C; ., and y;,
which suggest an ideal behavior of the compound in the NAPLs solution, then y is
close to 1. Otherwise, a modified Raoult’s law (eq. 2.5) could be used to estimate the
equilibrium aqueous concentration. In this case, y; is a function of y; as (y; = f(y))

rather than unity.

2.4.5 Analytical methods

Aqueous sample of the solutions was drawn out by a 5-mL glass syringe from the
vials in the batch experiment. In this step, care should be taken to avoid that the
needle of the syringe contacts the NAPL phase. The aqueous phase concentrations

were measured with HPLC and/or GC-MS.

HPLC

A standard high performance liquid chromatography (HPLC) system (Bischoff
Analysentechnik und Gerdte GmbH, Germany) equipped with an analytical column
(Reversed phase, 125x4.6 mm, Enviro Sep PP. 5.0 um, UV, Bischoff) was utilized in
the measurements. The analytes were eluted by an isocratic acetonitrile (HPLC grade)
/ water (Millipore water) mixture (70:30 v:v). The eluent was degassed by an online
degasser (Degasys, DG-120, Germany) before entering the HPLC system with a flow
rate of 0.88 ml/min and pressure of 5.6 MPa. The sample was introduced to the
column by a fixed volume injection-loop-valve (20 ul) at ambient temperature. The
inner diameter of steel capillaries was 0.13mm, and its length between injector,
column, and UV detector was kept as short as possible. An UV detector with a
wavelength setting of 254 nm was used during the analysis. The data interface was
LC-CaDI 2214. MCADI system was used to detect the peaks and the peak area was

integrated manually.

GC-MS

Acenaphthene and Anthracene were measured by GC-MS, since their C;., were too
low too be quantified by HPLC. The aqueous samples (1-1.5 mL) were spiked with

internal standards (acenaphthene-d;yp and phenanthrene-d;, toluene solution) and
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extracted by 0.5 ml to 1 ml cyclohexane according to the estimated concentrations.
These extracts were measured by GC-MS, a gas chromatography (HP 5890/ 11)
connected to a mass selective detector (HP 5972 MSD). Analytes were separated
using a 30 m X 0.25 mm DB-5 MS column (J&W Scientific) with 0.25 pm film
thickness. The injector temperature was 270 °C and injection volume was 1 pl in
splitless mode. Helium (99.999%) was the carrier gas at a constant flow of 0.6
mL/min. The oven temperature was held for 2 min at 50 °C, then increased at a rate of
8 °C/min to 90 °C, increased at 18 “C/min to 270 °C. held for 10 min and finally raised
to 310 °C (held for 6.5 min), the total time period for a run was 48 min.

2.5 Results and discussion
2.5.1 Mass transfer coefficient

With the batch experiments, C; at different time periods can be measured. The
equilibrium time period was obtained and the mass transfer coefficient (k) can be
calculated according to eq 2.6. Figure 2.2 shows the calculated concentrations match
with experimental C; with a best fitting k. The equilibrium time periods and fitted &
are listed in Table 2.2, the values of k are comparable with the published data in the
literatures (Table 2.3). The data show a clear trend of decreasing k with increasing of

the equilibrium time periods.

05

03

C (mg/L)

<& Measured Phe
0.2

— Simulated Phe

0.1

0 50 100 150 200 250 300
Time (min)
Figure 2.2 Comparison of the simulated and measured aqueous phase concentrations
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Table 2.2 Equilibrium time periods and mass transfer coefficients of PAHs

Equilibrium Mass transfer coefficient k

Compound time (min) (cm/s10E-4) RRSS
Naphthalene 80 11.0 0.001
2-Methylnaphthalene 170 4.08 0.011
1-Methylnaphthalene 374 0.98 0.016
Acenaphthene 250 5.77 0.016
Phenanthrene 140 10.1 0.0004
Anthracene 240 2.77 0.014
Table 2.3 Published data for mass transfer coefficients (10e-4 cm/s)

NAPLs Phenanthrene Naphthalene Pyrene Benzene m/p-Xylene
Diesel Schluep 32 34 39 3.2
ETC 2001
Creosote Alshafie & Ghoshal 4-6
J. Contam. Hydrol. 2004
Crude oil Ghoshal 7-12 6-11
EST 2004
Gasoline Ghoshal
EST 2004 11.7 6.7
Coal tar Ghoshal 2.44-3.05
EST 1996)
Model NAPL*  Mukherji 8.5-14.2
EST 1997
Petrolatum Ortiz et al. 7 6 9
EST 1999

[15, 24, 29-31]
* toluene solution of Naphthalene, 1-methylnaphthalene, 2-ethylnaphthalene, acenaphthene,
fluourene, phenanthrene, fluoranthene and pyrene.

2.5.2 Subcooled liquid solubility and enthalpy of fusion

The subcooled liquid solubility was obtained by extrapolating the measured Cj,, to a
mole fraction of one. It is shown in Figure 2.3, C; ., has a linear relationship to y; for
Nap, 2-MNap, 1-MNap, Ace and Ant, which indicates the ideal behavior of these
compounds in toluene. Their trendlines lines in log-log scale figure being parallel
indicated that their slops and y; should be similar, and y; were approximate to one for
these compounds. Therefore, S; ;,» can be predicted by linearly while extrapolating y; to
unity for the solid compounds of Nap, 2-MNap, Ace and Ant. For 1-MNap, which is

liquid at ambient temperature, the experimental result was used to validate this
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method. The extrapolated concentration of 1-MNap, is S;, and being 27.9 mg/L for
this study which is comparable to the literature value of 28.0 mg/L [25, 27] and 26-28

100
A 2-MNap O Nap 1-MNap
y = 27.885x
< 1-MNap O Ace R?=0.9885
10
X Ant ® Phe )
o -
- 1t e L Phe .
> 2MNEp D T y = 3.0528x°5" ]
£ Np O _-ey=86191x 7T R? = 0.9986
2 y=t0760x -7 R=09813 g
o 0.1 - R?=0.9971 ~ = E
Ace |j"/
0.01 y =17.03x Ant J
R® = 0.9999 y =5.1165x
R?=0.9314
0001 Lol Ll Lol L
0.0001 0.001 0.01 0.1 1

Mole fraction (-)

Figure 2.3 Concentrations vs. mole fractions for compounds tested in batch experiments.
It is also an illustration of extrapolation process from the C;., to S; ., where the y; is unity

mg/L [28]. However, for Phenanthrene, the relationship between C;., and y; appears

to be slightly non-linear as shown in Figure 2.4, which can be described best by.
0. 2_ _
C., =31 x"" R=0999 n=5 (2.9)

The nonlinear relationship indicates deviation from ideality, and y; being variable in

Ci,w (mg/L)

0 0.04 0.08 0.12 0.16
Mole fraction (-)
Figure 2.4 Concentrations vs. mole fractions for Phenanthrene
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toluene solution. In this case, y; should be positive (>1), and decreasing with
increasing y; of Phe till 1 where y; also being 1. This maybe attributed to the weak of
attractive interactions between Phe and the water molecules and/or the very high free
energy costs for cavity formation in the toluene solutions at a low mole fraction. In
this case, the modified Raoult’s law (eq. 2.5) can be used to describe this system, and

the function of y can be deduced as:

y=rQ=x"" (2.10)
which indicates that y of Phe in toluene solution is a power function of the y in this

liquid organic mixture.

With S; and the extrapolated data of S; ., the fugacity ratio (f° /f ) can be calculated
according to transforming form of eq. 2.1, as well as AH; according to eq. 2.3 with a
given T,. All of these results are listed in Table 2.4. The extrapolated S;.» and 4Hare
comparable with the published data, especially for Nap, Ant and 1-MNap, which
proved that a sequence of batch experiments can be conducted to determine these
important physicochemical parameters. However, for 2-Mnap, Ace and Phe a slight
deviation exists from the predicted values comparing to that in the published literature
data. This may indicate the error of the measurement for the low concentration
samples, nonidealities of NAPL phase or may simply reflect the uncertainty in the

parameters (e.g., T, S;) used in prediction of the published data.

Table 2.4 Extrapolated Subcooled liquid solubility and enthalpy of fusion

_ Sisub from AH
s A VIS batch PP aeutaed AH
Compound Si (mg/L) calculation Point °C'° . t calculated from BE published
(mg/L)? oin experimen from BE rom (kJ/mol) ©
(BE) (mg/L) (kJ/mol)
Nap 31.7 105.67 80.6 107.7£1.3 0.294 -17.35 18.99
2-Mnap 25.4 29.53 34.58 36.1x1.4 0.704 -17.89
1-MNap 28 28 -22 27.9+1.9 1.004 -0.05
Ace 3.93 19.65 93.4 17.2+0.01 0.228 -17.92 21.46
Phe 1.18 4.21 99.5 3.05+0.06 0.387 -10.82 16.46
Ant 0.05 5 215 5.1+£0.08 0.010 -28.11 29.39

a. from Peters 1997 and 1999 [25, 32]
b. from the physical properties database (PHYSPROP) http://www.syrres.com/esc/physprop.htm
c. from Allen [33]

However, the limitation of this method is also obvious. That is the solubility limit of

the solid solute in toluene, which can be expressed thermodynamically as [25]:
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The maximum experimental y; was about 0.2 (for Nap, and 2-MNap) at ambient
temperature, and it was even lower for other compounds, e.g., Ant stays below 0.01
even in the higher temperature as 40 °C (+ 2 °C). To solve this problem, another
solvent 1-MNap was also used in this study to check the maximum y of Ant due to its
too low toluene solubility, since its molecular structure is more similar to Ant.
However, there was no evident increase of the solubility using another solvent or
conducting at higher temper. Therefore, the error exists and also maybe amplified
when extrapolating the measured data to a high y; of unity. This may be contributes to
the error of extrapolated S;,» of 2-MNap, Ace and Phe. Therefore, even Ant shows

the linear relation, but the linearity is not so good as others, and the error is obvious.

2.5.2 Partitioning coefficient

The toluene-water partitioning coefficient (P,,) was calculated according to eq. 2.7,
and all of the data are shown in Figure 2.5, and listed in Table 2.5. The figure shows
clearly that for different compounds, the average value of P, and the value for an
identified y; increased with the decrease of water solubility. This is consistent to the

essential point of view of Schwarzenbach [6] (p 215). However, all of the Py, for one
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o O o &
& m]
_ 100000 | NN A O
= O
3 < g I g ® Nap
o
; + + 2-Mnap
s)
o [ J O 1-MNa
10000 o ° P
[ ] i A Ace
<& Phe
O Ant
1000
1 10 100 1000 10000
Cit (g/L)

Figure 2.5 Partitioning coefficients vs. solute concentrations in model NAPL
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Table 2.5 Partitioning coefficients (log P) for of PAHSs at different mole fractions

Mole Average

fraction 0.001 0.005 0.01 0.05 041 0.2 0.4 05 0.6 +SD. Calculated®
Nap 3.78 3.85 4.02 4.10 413 4.28° 4.03+0.18 4.16

2-Mnap 4.33 4.61 4.55 4.68 4.5410.15 4.8

1-MNap 4.69 4.70 4.74 4.95 5.06 4.83+0.12 4.81
Ace 4.89 4.98 4.91 4.95 4.93+0.039 4.89
Phe 4.68 5.07 5.32 5.45 5.57 5.22+0.35 5.65
Ant 5.35 5.44 5.55 5.45+0.098 5.74

a, calculated from a the polyparameter linear free energy relationship of Satoshi Endo [34]
b, this experiment was done in a high temperature about 42-43°C

certain compound, except for Ace, increased with the increase of y;, which is different
to the forgone understanding of the partitioning coefficient. Since P4, can be also
expressed as the ratio of activity coefficients (eq. 2.7), this probably suggests that the
7w increase and/or y;, decrease with the increasing of the y; in a large range of C;,. The
decrease of y;, had been described above by phenanthrene. Since no other
experimental data are available, the estimated data by a polyparameter linear free
energy relationship [34] were listed on the Table 2.5 to compare with these results.

All of the calculated data are close to and higher than the measured data.

2.6 Conclusion

Simple batch experiments with toluene as solvent can be conducted to determine the
S;sup for some PAHs. With the aqueous phase concentrations obtained from the
experiment, the partitioning coefficient and mass transfer coefficient can also be
obtained. Further, the thermodynamic parameters, AH; and f /f can be estimated with
given S; and T,,. All these measured and estimated data agreed with the published data
in the literatures. In addition, value or function of y; of the solute in toluene solution
can be evaluated according to the relationships of equilibrium aqueous phase
concentrations and mole fractions in single solute model NAPL-water system. Most
of the tested compounds behaved ideally in toluene solution (y; were unity) except for
Phe, where y was given best as a power function of mole fraction. However, the
limitation of this method is obvious, which is the saturated concentration of solute in
solvent and was low for some solutes. The mole fractions were accordingly very small
for rigid compounds, which was less than 0.01 for Ant even the experiments were

performed at a high temperature. The error of operation and measurement may be
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subsequently amplified while extrapolating the equilibrium aqueous phase
concentration to S; s, Where the x; increase to unity. Therefore, next step work could

be based on how to reach the high mole fraction and work with other solutes.
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Chapter 3 Aging phenomena of NAPLs interfacial
phase

3.1 Aging phenomena

The interface between NAPLs of complex mixture and aqueous, gas and/or solid
phases may be subject to aging phenomena. Although little is known about the
mechanisms that result in aged film formation, much effort has been made and several
factors and hypothetical theories have been found and developed. A widely accepted
one is as following. The NAPLs undergo prolonged contact with water and/or gas,
which leads to modification of the properties of the organic and interfacial phase. As a
consequence, the low molecular weight, the well water soluble and/or volatile
compounds are depleted from the interfacial phase. This causes an increase of the
mole fractions of the sparingly soluble high molecular weight compounds and the
viscosity of the NAPLs. With the enrichment of surface active compounds (e.g.,
asphaltene, resin) in the interfacial region, other solutes might precipitate eventually

when their mole fractions reach their solubility limits in the NAPL phase, which is

1 f

equal to —-—

according to Peters 1997 [1], and form sometimes visible solid or

semirigid skin-like interfacial films, accompanied by the decrease of the interfacial

tension [2-8].

The objective of this chapter is therefore to study the aging phenomena of NAPLs
interfacial phase under different environmental conditions. The research includes (i)
performing different experiments to observe the formation of aging film, (i1) studying
the effects of environmental conditions (pH, hydrogen peroxide concentration and etc.)

on aging process, and (iii) producing aged NAPLs samples for further study.

3.2 Experimental methods to study the aging phenomena

Pendant drop test (PDT), batch experiments (BE), continuously flow through
experiments (CFTE) and surface coating test (SCT) were performed to study the
aging phenomena under different environmental conditions. Four kinds of NAPLs,
commercial fresh coal tar, coal tar from former gas manufacture plants (GMPs),
anthracene oil and crude oils were used to perform the experiments. Detailed

information is given in the following sections and listed in Table 3.1.
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Table 3.1 Summary of experiments to study the formation of aged interfacial films

Test NAPL Code/ Provid In air or aqueous Time for visible

ests S rovider H H H
Class PH H,O, con. |ntferfa0|a_l film

% (v/v) or mg/L ormation

PDT Coal tar 97159 Ruetgers Chem. AG 3,6,12 No over 12 weeks

98142 Ruetgers Chem. AG 3,6,12 No over 12 weeks

98142 Ruetgers Chem. AG Neutral 1%, 2%, 10%  No over 12 weeks

05117 Ruetgers Chem. AG 3,6,12 No over 12 weeks

GMP
Neutral 4 weeks

Reutlingen Stadtwerke Reutlingen

in basic solution after 1

Anthracene oil Stadtwerke Reutlingen  3,6,12 week
No in others
Crude oil Brent Blend Dr. Ghoshal, Montreal Neutral 4 days
Arabian .
Dr. Andersson, Munster  Neutral 1 week
Heavy
Bachaquero Dr. Andersson, Minster  Neutral 1 week
Brent Blend Dr. Andersson, Munster  Neutral 1 week
Kirkuk Dr. Andersson, Munster  Neutral 1 week
Soviet Dr. Andersson, Munster  Neutral 1 week
Blend
Degassed Millipore
CFTE Coal tar 98142 Ruetgers Chem. AG Neutral water (7.8 mg/L O,) 17 weeks
Millipore water (8.8
Coal tar 98142 Ruetgers Chem. AG Neutral mg/L O,) 17 weeks
2% H,0, (11.1 mg/L
Coal tar 98142 Ruetgers Chem. AG Neutral Oy) 10 weeks
BE Coal tar 98142 Ruetgers Chem. AG 3 No after 100 weeks
Coal tar 98142 Ruetgers Chem. AG Neutral No after 120 weeks
Coal tar 98142 Ruetgers Chem. AG 12 No after 100 weeks
Coal tar 98142 Ruetgers Chem. AG Air 14 weeks
Coal tar 97159 Ruetgers Chem. AG Air 14 weeks
Crude oil Brent Blend Dr. Ghoshal, Montreal Air No after 64 weeks
Bachaquero Dr. Andersson, Miinster Air No after 64 weeks
SCT Coal tar 98142 Ruetgers Chem. AG Air 2 days
Crude oil Bachaquero Dr. Andersson, Miinster Air No after 4 weeks

PDT: pendant drop test, CFTE: continuously flow through experiment, BE: batch experiment,
SCT: surface coating test.
pH 3 and 12 were HCI and NaOH solution, respectively, pH 6 and neutral were milipore water.

3.2.1 Pendant drop test (PDT)

Pendant drop is a classical rheological method to measure the surface/interfacial

tension [9]. It has been used in several research groups to observe the potential
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formation of aging film at the NAPLs interfacial phase [9-12]. The set-up of pendant
drop test is shown in Figure 3.1. In brief, tiny amount (approximatively 0.2 ml) of
NAPLs was sucked into the syringe held by a sheath equipped with microscrew
threads, and a drop of NAPLs was formed at the end of a syringe tip and suspended in
the aqueous phase. The freshly formed drop is spherical in shape, and a semirigid or
skin-like interfacial film should be detectable if present after drop exposure by

subsequent partial withdraw of the bulk NAPLs into the syringe needle. This visible

solid or semi-solid viscous film is referred to as aged film.

r———

Figure 3.1 Set-up of pendant drop test

The results of the pendant drop tests were as follows. For coal tar, the typical freshly
formed drop is shown in Figure 3.2a. The whole drop can be sucked back into the
syringe for fresh coal tars (and other fresh NAPLs), and generally 3 to 7 days were
enough to observe the coal tar-water interfacial films [10, 13]. However, in this work,
none of the commercial coal tars, 97159, 98142 or 05117 showed any noticeable
wrinkles even after 10 days. As illustrated in Figure 3.2b, the drop coal tar can be

retracted totally into the syringe after 10 days, which indicated clearly that there was

Figure 3.2a Typical pendant drop of NAPL Figure 3.2b Retraction of coal tar
without apparent aging (9 days)

no visible film formed at that time. All of the drops kept the original shapes even after

two months’ experiment. Only the coal tar from a former gas manufacture plant
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(MGP) in Reutlingen behaved differently, the “wrinkle” appeared after 2 months

exposure in water as shown in Figure 3.3.

Six crude oils including Arabian heavy, Bachaquero, two kinds of Brent Blend from
different providers, Kirkuk and Soviet Blend were investigated in this study. All of
them are LNAPLs and showed visible changes in pendant drop tests after 4 to7 days
(Figure 3.4).

Figure 3.3 Aged coal tar drop from Figure 3.4 Crude oil (Brent Blend) drops after 4 days
a former GMP aged experiment, a: before, b: after partial withdrawal

However, it seems that the widely used pendant drop test with visual observation is
not always sensitive towards changes of the interfacial phase. This becomes obvious
in the comparison of the same commercial coal tar exposed to water for different time
periods. This coal tar drop did not show any apparent aging information in the
pendant drop test after 3 months, although its behavior had changed clearly as shown
in Figure 3.5. Whereas fresh coal tar was immediately sucked into cellulose, the 3
months’ coal tar drop kept its shape, which indicated the formation of a hard shell. A
coal tar exposed in an artificial aquifer for 5 years had completely changed its
appearance and became solid [14]. Therefore, other experimental set-ups should be
performed in order to study the aging phenomena, especially to validate the

environmental conditions’ effect on this process.

3.2.2 Continuously flow through experiments (CFTE)

Oxidation is though to be a factor to the aging process [15-22]. However, there was no
visible film formation for commercial coal tar from the pendant drop tests, where the
coal tar were immersed in aqueous hydrogen peroxide solutions (1, 2 and 10 % (v/v))
for 3 months. Therefore, another set-up, continuously flow through experiment (CFTE)

was carried out subsequently to study the effect of oxidation on aging process (Figure
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3.6) and create aged coal tars. Hydrogen peroxide solution (2%) was also used as

oxidant, which kept flowing along the surface of the coal tar. Approximatly 3g of

el

3 .\

and Figure 3.6 Setting up of the CFTE

Figure 3.5 Comparison of fresh coal tar
coal tar aged for 3 months and 5 years,
respectively in contacting with water
(all for coal tar 98142)

commercial coal tar were spiked into the bottom of a 50 mL glass vial, which was
filled with aqueous solution of degassed millipore water (7.8 mg/L O,), millipore
water (8.8 mg/L O,) and 2% H,0, solution (11.1 mg/L O,), respectively. The vials
were sealed with viton septa. All of the vials were fed from reservoirs by a peristaltic
pump (ISMATEC, Switzerland) through stainless steel (1/16°’, Klaus Ziemer GmbH,
Germany) with a flow rate of 0.5 mL/min. The reservoirs were also degassed
millipore water, millipore water and 2% hydrogen peroxide solution, respectively.
The source bottles stayed in the lab for 3 days before refilling. There should be gas
exchange during this time period, accordingly the oxygen concentrations could
change during the experimental time period. The oxygen concentrations were
measured on the 2™ day after the refilling at 21 °C by a single channel oxygen meters

(Precision Sensing GmbH, Germany).

3.2.3 Batch experiment (BT)

Study the pH effect on aging process

There are some reasons that support the hypothesis the pH of the aqueous solution

could be an important factor to the aging process. First, some functional groups inside
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NAPLs and wetting properties of NAPLs interfacial phase are sensitive to pH of the
aqueous solution [23-26]. Second, Barranco et al. observed the different behaviors of
coal tar-water interfacial film formation at different pH conditions. Last, pendant drop
test of anthracene oil, a coal tar fraction that distills between 245 °C and 390 °C
showed aged film formation in one week only in basic solution (pH=12, NaOH
solution). Therefore, a batch experiment was performed with commercial coal tar to
study further the pH effect on aging process and to prepare aged coal tar samples
under different pH conditions. The set-up was simple and similar to Nelson [13] and
shown in Figure 3.7. Similar amount of coal tars (35g) and aqueous solution (40g) were
filled in the 100 mL beaker. The aqueous phases were acid (pH=3, HCI solution),

neutral (millipore water) and basic (pH=12, NaOH solution), respectively.

Figure 3.7 Coal tar (98142) contacted with acid (a), neutral (b) and basic (c) aqueous solutions in
batch experiments

Study the effect of dissolution and volatilization/evaporation on aging process

Depletion of well soluble and volatile compounds is assumed to be a factor
contributing to the aging process [11], although Nelson et al. found the chemical
composition of interfacial films was very similar to that of the bulk phase [13]. Since
pendant drop test could not study the effect of volatilization. The batch experiments
with a similar set-up to CFTE were performed. As shown in Figure 3.8 (Batch H,O
and Batch Air), approximatly 3 g of coal tar were put inside a 50 mL vial, then the
vial was filled with water and sealed with teflon septum (Figure 3.8 left), or exposure
to the air without septum (Figure 3.8 right). Same batch experiments of air exposure

were also performed by heavy and light crude oils and illustrated in Figure 3.9.
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Figure 3.8 Setting up of the batch experiments  Figure 3.9 Setting up of batch experiments
coal tar open to water and air heavy and light crude oil open to air

3.2.4 Surface coating test (SCT) to prepare the aged NAPLs sample

Pendant drop test, continuously flow through experiment and batch experiments were
conducted to study the aging phenomena of the tested NAPLs. However, it is hard to
separate aged NAPLs from the bulk phase, and the aged film is too little to be utilized
further from pendant drop test. Continuously flow through experimtn and batch
experiment need too long time to obtain aged NAPLs (see next section). Therefore, a
new experimental set up is needed to prepare enough aged NAPLs for next step study.
Accordingly, the surface coating test was performed. A tiny amount (approximatly 0.1
to 0.2 g) of NAPLs was coated evenly on the surface of glass plates (2.5cm X 6.6cm),
and the glass plate was kept inside of fume hood or glove bag under nitrogen
atmosphere (Figure 3.10). The treated coal tars were collected after 2 and 7 days, and
the composition and leaching/partitioning properties were investigated. The oxygen
concentration inside the glove bag was about 0.6 mg/L (1.4% O,), which was

measured by an oxygen meter (Precison Sensing GmbH, Germany).

b

Figure 3.10 Coating of coal tar on the surface of glass plates. a, fresh coal tar; b, 2 days later.
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3.3 Results and discussion
3.3.1 Effect of the NAPL source on aging process

In pendant drop test, the commercial coal tars did not show any aging indication in 10
days (Figure 3.2) and crude oil demonstrated clear “wrinkle” in 4 to 7 days.
Meanwhile, in the air exposure batch experiments (Figure 3.8, 3.9), the commercial
coal tars 97159 and 98142 became solid or semi-solid after 14 weeks (Figure 3.11a).
However, the crude oil showed no sign of solidification even after 64 weeks (Figure

3.11b) conducted in the same experiment. This indicates that crude oil and coal tar

Figure 3.11 Results of opening to air batch experiments a. aged coal tar with solid interface, b. free-
flowing heavy and light crude oils

underwent different aging process even under the same environmental conditions.
This may be due to the chemically differences between crude oils and coal tars, even
if both of them contain thousands of species and most of them can not be identified.
Crude oils contain a broad spectrum of n-alkane (n-Cip to n-Cjp;) and volatile

compositions whereas coal tars contain significant amounts of aromatic components.

In addition, different coal tars behaved also dramatically different. Luthy and Nelson
performed pendant drop tests and observed “wrinkles” in about 3 days [10, 13] for
coal tars obtained from former MGP sites. It took 4 weeks to show the clear aging
film for the coal tar obtained from a former GMP in this study. However, no similar
film was observed for all of the commercial coal tars in pendant drop test. This might
because of the compositional difference of the coal tars. The composition of coal tar
depends on the source and industrial process such as feedstock and operation

conditions of the coal tar. For coal tar obtained from former GMP, which has kept
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contacting with water and porous medium at least for 50 years and most of the highly
water soluble compounds were depleted. The fractions of the other compounds should
be relatively higher than fresh coal tars, which are probably the major constitutes in
the interfacial films. This result strongly indicates that the source and the composition

of the NAPLs are the most important factors for the formation of visible aging film.

3.3.2 Effect of evaporation and dissolution on aging process

Batch experiments (Figure 3.8) were performed to study the effect of volatilization /
evaporation and dissolution on aging processes of coal tar. The results are as

following.

For coal tar (Figure 3.12), there was no detectable formation of aging film after 16
months exposure of coal tar in water, and air exposure batch experiment (Figure 3.11a)
showed clear interfacial film in 14 weeks. The formation of aging film in air exposure
experiment was even faster than in CFTR system with 2% H,0O, solution flowing
along the coal tar surface. Therefore, evaporation/volatilization was a more effective
factor to aging of coal tar than the dissolution of high water soluble compounds.
Meanwhile, as indicated in CFTE the solid interfacial phase was observed after 17

weeks in millipore water flowing through system (Figure 3.13).

Figure 3.12 Batch experiment of coal tar, free-flowing NAPL inside a full of water vial

Compare this result to the exposure in water batch experiment (Figure 3.12), which
did not show any indication of aging even after 16 months. It demonstrates that the
depletion of the well soluble compounds was also an important factor to the aging

process of coal tar.
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b = ' b 3
Figure 3.13 Results of CWFTE, all of them showed solid or semi-solid interfacial phase

For crude oils, same set-up to coal tar was carried out (Figure 3.9). However, none of
the three samples (Brent Blend, Bachaqueoro and oils from an old oil exaction field
near Hannover, Germany) showed any visible phase change even after 1 year. Figure
3.11b shows clearly heavy and light crude oils were flowable at the endpoint of the
test. Therefore, evaporation/volatilization was only a second order important factor to
aging of crude oils. The result of pendant drop test shows that the formation of a
visible aging film only needed 4 to 7 days (Figure 3.2). This indicated that the

depletion of high water soluble compounds contributed more to the aging of crude oils.

3.3.3 Effect of oxygen concentration on aging process

During the CFTE (Figure 3.6), the aged interfacial film formed in about 10 weeks in
2% hydrogen peroxide solution flowing system, and 17 weeks were needed for the
coal tar-millipore water and degassed millipore water systems to show similar
phenomena (Figure 3.12). Thus, the appearance of hydrogen peroxide accelerated the
aging process. The degassed and millipore water showed this formation within
similar time period. It is because of their similar oxygen concentration, and also
because the precision of the observation by naked eye is too low to find the little
information of semi-solid film. These experiments demonstrated that the presence of
oxidant did affect the aging, however, it was a small important factor for the aging
process of the coal tar interface. This result agree with the observations of many
researches, where the oxidation only occurred at relative high temperature (the lowest

one is 80 °C) or with the presence of catalyst [15-17, 27]. However, some previous
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studies showed the oxidation by Fenton’s reaction and hydrogen peroxide were
capable of oxidative degradation of numerous important hydrocarbon and aromatic
hydrocarbons [18-21, 28]. Therefore, the tiny amount of catalysts inside NAPLs may

be also important and need to be investigated in the next step work.

3.3.4 Effect of pH on aging process

The commercial coal tar samples and anthracene oil had contacted with acid, neutral
and basic solution for more than three months in the pendant drop tests (Table 3.1,
Figure 3.1). The color of all acidic and basic solutions changed to yellow. However,
only anthracene oil in basic solution showed wrinkled interfacial film. Similar
observations were obtained from the batch experiments performed with different pH
solutions (Figure 3.7). There was no visible interfacial film formed even after two and
a half years, except for the colour change to light yellow, yellow and brown for
neutral, acid and basic solutions, respectively. These results indicated pH of the
aqueous solution had no detectable effects on the formation of interfacial film, and
basic solution’s leaching capability was high for some compounds. This conclusion is
contrary to that of previous studies for coal tars and crude oils [23, 24, 29-31]. The
previous studies showed that pH variation influenced significantly the film formation
and the interfacial properties. The different result in this study is probably due to the
difference of the chemical composition of the coal tar used in this study, the amount
of the acidic and basic organic compounds (e.g., asphaltenes) might be too low, or the
organic acids or bases are weak functional groups.. Another reason should be the mass
of the NAPL used in the experiments especially in the batch experiments (Figure 3.7)
was too much, the depletion due to leaching was too small. To get more information,

further experimental work could study the concentrations of more solutes in NAPLs.

3.3.5 Summary and conclusions

All of the tested NAPL underwent aging process under different environmental
conditions, and aging is a ubiquitous phenomenon in the NAPLs interface. Different
kinds of physical processes, e.g., evaporation, volatilization and dissolution working
together contributed to the aging process. Different NAPLs experienced different
aging processes under the same environmental conditions, evaporation/volatilization
contributed more to the aging of commercial coal tar, and depletion of well soluble

compounds was a significant factor to the aging process of crude oils. Same NAPL
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demonstrated different aging behavior under different environmental conditions. The
commercial coal tar tested in this work needed different time periods to illustrate
aging film formation for different experimental methods, and the time periods
increased in this order: CFTE with 2% hydrogen peroxide (10 weeks) < batch
experiment in air (14 weeks) < CFTE with millipore water (17 weeks) ~ CFTE with
degassed millipore water (17 weeks) < batch experiment in water (no “wrinkle” after
100 weeks). The appearance of oxidant in the aqueous phase accelerated the aging
process of interface, however, it was only a second important factor. The pH value of
the solution was critical to the leaching behavior of come compounds from NAPLs

phase.
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Chapter 4 Aging of coal tar and its effects on mass
transfer

4 .1 Introduction

Coal tar was a major by-product of carbonization of coal by former manufactured gas
plants (MGPs), and it is the by-product of modern cokemaking facilities. It is a
viscous, dark-colored, dense non-aqueous phase liquid (DNAPL), containing a wide
variety of organic constituents, including heterocyclic, monocyclic and polycyclic
aromatic hydrocarbons (PAHs), volatile aromatic compounds, phenols, organic and
inorganic sulfur compounds, metals and asphaltenes. In many cases, coal tar wastes
were left on-site in pits or containers, or by accidental spillage, resulting in a
persistent source of contamination of soils and groundwater at many former MGP

sites.

Transfer of pollutants across the NAPL-water interface determines both the extent of
groundwater contamination as well as the persistence of residual NAPLs phases in

porous media.

Recent experiments have demonstrated that the coal tar interface phase may undergo a
visible change of phase after a certain time period of exposure to water and air [1-4].
This visible change of state is commonly referred to as aging. The aging process may
be important to the risk assessment and the technique of remediation of the
contaminated sites, since it is hypothesized that surface aging may influence both the
fluid mechanics and the mass transfer properties of the compounds inside the coal tar
in porous media. Luthy and Ghoshal observed a decrease of the mass transfer of
PAHs after 3 or 16 experimental days from coal tar and crude oil, respectively [1, 5].
However, Eberhardt found a constant mass transfer rate during one year’s test in an

artifical aquifer [6].

The objective of this study is therefore to examine the effects of interfacial aging on
the change of the chemical composition of NAPLs and on the mass transfer properties
of selected contaminants (e.g., PAHs, BTEX, Phenols). The research includes (i)
comparison of the concentrations of solutes in fresh and aged coal tars, and evaluation
of the effect of environmental conditions on the change of composition, and (ii)

measurement of the aqueous phase concentrations of compounds leaching from
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NAPLs as a function of time, and estimation of the mass transfer process from NAPL

to water in batch experiments.

4.2 Materials and experimental methods
4.2.1 Materials

Fresh coal tar
Commercial coal tar was taken from Ruetgers Chem. AG (Germany), and stored in

the lab at ambient temperature.

Aged coal tars were obtained from batch experiment (BE), continuously flow
through experiment (CFTE) and surface coating test (SCT), the detail methods and

operational processes were given in Chapter 3.

The concentrations of solutes in aged and fresh coal tar were measured by GC-MS.

4.2.2 Experiments to measure the aqueous phase concentrations

Equilibrium aqueous phase concentrations of solutes in coal tar exposure to
different pH solutions

Batch experiments were carried out with the similar setting up to Nelson’s [2]. The
equilibrium aqueous phase concentrations of PAHs, phenols and 2,3-benzofuran in
aqueous solution with different pH values were determined (Figure 3.7). The original
objective of this test was to study the effect of pH on aging process and obtain the
aged coal tars under different pH conditions. Unfortunately, all of coal tars inside the
beaker could flow freely and showed no detectable formation of aging film after 27
months exposure to aqueous solutions, except for the color of the aqueous solutions
changed to yellow. The pH values of these aqueous solutions were 5, 5.5 and 8,
respectively at the end point of the test. This indicated both acid and basic solutions
shifted toward neutral during the experimental time period, which may be due to the
neutralisation during the leaching process. The millipore water shifted to acid because
of the dissolution of CO,. About 5 mL aqueous phase sample was taken triplicate by

glass pipette and extracted with 1 mL cyclohexane for GC-MS measurements.
Steady state concentrations from CFTE and equilibrium concentrations from BE

With continuously flow through experiment and batch experiment the steady state and

equilibrium aqueous phase concentrations of compounds in aqueous phase contacted
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with coal tars were measured. Similar amounts of coal tar (about 3 g) were spiked into
five 50-mL vials, and the vials were filled with aqueous solutions with similar NAPL-
water volume ratios of about 1:20. The fourth and fifth vials were used to perform the
batch experiment at ambient temperature. The fourth was sealed with an aluminium
cap with Teflon septum, and the fifth was exposed to air directly (Figure 3.8). The
aqueous sample was obtained 16 months later from the fourth vial and the
concentrations of tested compounds were equilibrium aqueous phase concentrations.
During the experimental time period, coal tars inside the first three vials (CFTE)
became solid. This indicated the coal tar experienced aging process and became aged
coal tar. The concentrations of flowing aqueous were determined and kept relatively
constant for a few months. Accordingly, the aqueous phase concentrations measured
at the end point of the test (16 months) were steady state concentrations of compounds

in aged coal tar-water system.
Aqueous phase concentrations in aged coal tar-water systems

Aged coal tar prepared by SCT was used to perform the BE. The glass plates covered
with coal tar had been treated in air and nitrogen atmosphere for 2 or 7 days (Figure
3.10). Eight glass plates (each 2.5 X 6.6 cm?®) with about 0.12 g of NAPLs were
combined together and put inside a 100 mL bottle, the bottle was filled with millipore
water (about 110 mL) (Figure 4.1). 1-5 mL aqueous phase sample was taken by glass
pipettes at different periods and extracted by 0.5-1 mL cyclohexane for GC-MS
measurement. The volume ratios of the aqueous phase and organic solvent were
changed depending on the estimated concentration. The sampling was similar to
Mukherji [7], which is day by day for first two weeks, then every two days until 24"
day.

4.2.3 Analytical methods

Aged and fresh coal tars were diluted 1000 (aged) to 3000 (fresh) times. Cyclohexane
was the extracting solvent for PAHs, phenols, styrene and 2,3-benzofurane analysis,
and n-pentane was the solvent for BTEX. Dilutions were spiked with 5-10 pl internal
standards (they are phenol-ds, styrene-ds, naphthalene-dg, acenaphthene-d,o,
phenanthrene-do, chrysene-d,,, and perylene-d;, toluene solution for PAHs, phenols

and benzofuran analysis, and fluorobenzene in methanol solution for BTEX) at
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concentrations matching the expected analysed concentrations according to the

preliminary experiments.

Figure 4.1. Batch experiment performed with the aged coal tars coating on the surface of the
glass plates.

Depending on the estimated concentrations, 3-5 mL aqueous sample was spiked with
internal standard (same as above) and extracted by 0.5-5 mL cyclohexane for PAHs,

phenols and benzofuran analysis (or n-pentane for BTEX analysis).

Concentrations of PAHs, phenols and benzofuran were determined by a gas
chromatograph (HP 5890/11) connected to a mass selective detector (HP 5972 MSD).
Analytes were separated using a 30 m X 0.25 mm DB-5MS column (J&W Scientific)
with 0.25 pum film thickness. The injector temperature was 270 °C, and injection
volume was 1 pL. Helium (99.999%) was the carrier gas at a constant flow of 0.6
mL/min. The oven temperature was held for 2 min at 50 °C, then increased at a rate of
8 °C/min to 90 °C, increased to 270 °C at a rate of 18 “C/min, held for 10 min and
finally raised to 310 °C (held for 6.5 min). The total time period was 48.5 min.

BTEX concentrations were measured by another GC-MS system, gas chromatography
(HP 6890) connected to a mass selective detector (HP 5972 MSD). Separations were
done using a 60 m X 0.25 mm DB-624 column (J&W Scientific) with 1.4 pum film
thickness. The injector temperature was 200 °C, and injection volume was 1 uL.
Helium was the carrier gas at a constant flow of 1 mL/min. The oven temperature was
held for 5 min at 45 °C, then increased to 90 °C within 8 min, hold 4 min, increased to
200 °C within 6 min, held for 5 min and finally raised at a rate of 1.5 *C/min to 230 °C
(held for 3 min). The total time period was 42.46 min.
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the composition of the coal tar stored in a bucket was invariant
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The solutes’ concentrations present in fresh and aged coal tar were obtained by GC-
Fresh coal tar: The concentrations of solutes in fresh coal tar (98142) was measured
in this work and compared to that in coal tar used in a previous work [6] which had
work. The figure shows that there were no obvious differences between these two coal

listed in Appendix Table 3, note that styrene and phenols were only measured in this
without contacting to air/water even after 8 years.

tar samples.

MS measurement and converted into wt% (listed in Appendix Table 3 and 4). The
1000000 -

mass fractions identified in aged coal tar varied (12-20%) according to different

been stored inside bucket for about 8 years. The data are shown in Figure 4.2 and

4.3.1 Concentrations of solutes in fresh and aged coal tars

treatments and less than in fresh coal tar as 33%.

4.3 Results and discussion

100000 -
10000 -
1000
0
1

(6/6r) 1'00

Figure 4.2 Concentrations of solutes in fresh commercial coal tar analyzed this work and 8 years

ago (C.E.) [6]. Styrene and phenols were only determined in this work. Standard deviations are

shown as error bars based on triplicate measurements of samples, same to below figures.

Aged coal tar: The concentrations of solutes in coal tars aged under different

conditions are listed in Appendix 4, and some are shown in Figure 4.3. They were
51

obviously different to fresh coal tar.
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Figure 4.3 Concentrations of solutes in coal tars aged under different environmental conditions.

in fresh coal tar were marked here as reference.

The compounds are shown in two parts to increase legibility.

The concentrations of compounds

There were no detected BTEX for most of the aged coal tar except for toluene (283

-6 ring PAHs were similar in all of coal

The concentrations of 4

ug/L) in one sample.

BTEX and high molecular weight PAHs were not marked in this

Therefore,

tars.

As shown in Figure 4.3, the concentrations of polar compounds (phenols),

figure.

volatile compounds (benzofuran, naphthalene) and lighter molecular weight

compounds (naphthalenes) were very low in aged coal tars, since they can escape

easily during the treating processes due to evaporation and/or dissolution. The

concentrations of 3 and 4 ring PAHs were similar to that in fresh coal tar. This may be

due to their high concentrations in NAPL and the small amount of depletion during
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treatment. However, a few 5-6 ring PAHs (Indeno, DahA and BghiP) had even higher
concentrations in aged coal tars. This maybe due to the measurement errors associated

with their low concentrations.

The concentrations of solutes in aged coal tars treated under different conditions were
different. The concentrations of light molecular weight PAHs and polar compounds
increased roughly in this order: 16 months air exposure BE < 2 days air SCT < 2 days
N, SCT < 7 days air SCT < 7 day N, SCT < CFTE with 2% H,0, ~ CFTE with
millipore water ~ CFTE with degassed millipore water < 16 months water BE. This
indicated that the change of coal tars’ compositions depending on the treatment
methods, and evaporation and volatilization contributed more to the change than
dissolution. The area of NAPL-air interface was important compare to the
experimental time span for evaporation/volatilization process. The oxidation due to
the appearance of oxygen (exposure to air) or hydrogen peroxide (CFTE) in solution
did affect the aging process, however, its effect was minor important for aging under

the experimental conditions.

4.3.2 Equilibrium concentrations of fresh coal tar-water system

Equilibrium aqueous phase concentrations of coal tar-water system

The equilibrium aqueous phase concentrations (C; .,) were measured in this and the
previous work [6]. They can be used in determining the equilibrium partitioning
coefficients (P,u). C;e, Were obtained by (i) 2 years BE performed in 100 ml beaker
with about 1:1 (v:v) NAPL and water, and (ii) 16 months BE in a sealed 50 ml vial
with about 1:20 of coal tar and water. The previous work was performed with dialysis
membrane for 10 months [6]. All the data are shown in Figure 4.4 and listed in

Appendix Table 5.

Figure 4.4 shows that most compounds’ C;., obtaining from different experiments
were similar, especially for polar compounds and most PAHs. 5-6 ring PAHS’
concentrations were higher in 16 months batch experimental extracts. The values of
16 months batch experiment were high for most of the compounds except for phenol

and cresol. Therefore, the data of this experiment were used consequently in next step.
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Figure 4.4 Comparison of C; ¢, obtained from different experiments.
Equilibrium aqueous phase concentrations in solutions of different pH

The batch experiments were performed to see the effect of pH on the ability of
aqueous phase to leach compounds from coal tar. As described above, the coal tars
were still flowable after 2 more years’ exposure to solutions with different pH. The
pH of acid and basic solutions shifted toward neutral, and millipore water to acid. The
leachates from acid (pH=5), millipore water (pH shift to 5.5) and basic solutions
(pH=8) were analysed by GC-MS. Comparison of the aqueous phase concentrations
(Figure 4.5, Appendix Table 5) shows clearly the basic solution extracted more
organic compounds especially more 4-6 ring PAHs (20% of total PAHs concentration)
than others (less than 1%), and the acid solution leached small amount more PAHs
than millipore water. The total PAHs leached in aqueous phase were 24.8, 26.1 and
57.3 mg/L for acid, neutral and basic solutions, respectively. It is because the pH of
the acid solution was near to that of neutral one at the endpoint of the experiment, and
the aqueous phase concentrations should be similar. The higher concentrations of high
molecular weight PAHs in basic solution were probably due to the most polar
compounds being preferentially extracted in basic solution, and the mole fractions of
PAHs in organic phase were relatively higher, which resulted in the higher PAHS’
extraction in the aqueous phase. The high PAHs concentrations in basic solution is
consistent with the observation of Barrance [8], where film did not form in basic
solutions. The mass transfer resistance was subsequently lower in NAPL-basic

solution system, and more compounds could be leached to aqueous phase. This result
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demonstrates that pH condition is an important factor to the leaching of organic
compounds from coal tar, and also important to the composition change of NAPL. It
is corresponding to the observation of Liu [9] and Barranco [8]. They found that the
pH values significantly influenced film formation and altered interfacial properties,
even if Mader found that solution pH did not affect sorption of PAHs to mineral
surface [10].
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Figure 4.5 Comparison of the aqueous equilibrium concentrations extracted by solutions of
different pH

However, pH of solution maybe also an essential condition to the aging process.
Andersen [11] showed that polar functional groups including phenol enhance the
adsorption of asphaltene molecules at the solvent-water interface. Other polar group
such as carboxylic acid and amine definitely affect the aging process [12]. However,
there is no detectable formation of aging film in performed experiments. This may be
due to the aging film can only form and be observed while the depleted mass (or mass
ratio) being higher than a critical level. Since batch experiments were performed with
about 1:1 NAPL and aqueous, the mass leached from NAPL was limited by C;.,, the
total mass in aqueous phase was therefore negligible compare to the mass of NAPL
(<0.01%). This assumption can be checked by a CFTE system with different pH

solutions in next step work.

4.3.3 Aqueous phase concentrations in aged coal tar-water system

Aqueous phase concentrations leached from solutions with different oxidant’s
concentrations
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The aqueous phase concentrations from the CFTE were analyzed to estimate the
leaching ability of solutions under different oxidant concentrations. The CFTE had
run for 16 months, and the NAPLs became solid during this time period. The endpoint
aqueous phase concentrations are listed in Appendix Table 5 and shown in Figure 4.6.
For a certain compound, the concentrations were similar in different samples, except
for the higher values of Cresols and 1-Naphthol in H,O, solution flowing system.
Consider the similar solutes’ concentration in these NAPLs (Figure 4.3), this result
only demonstrated that the appearance of oxidant was neither an essential factor to the

leaching properties nor contributed to the aging process under the experimental

condition.
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Figure 4.6 Comparison of the steady state concentrations extracted from CFTE with different
oxidant concentrations.

Compare these data to the C;,, obtained from fresh coal tar-water system, most of the
compounds were 1 to 6 orders of magnitude lower. However, the concentrations of 2-
4 ring PAHs were still very high in CFTE system even after long time of leaching and
with an additional resistance of the aged interfacial phase.

Aqueous phase concentrations at different time periods in aged coal tar-water
system

The aqueous phase concentrations contacted with aged coal tars were obtained at
different time periods from the batch experiment (Figure 4.1). The concentrations of
analyzed compounds are listed Appendix Table 6. There was almost no detectable

2,3- benzofuran for most of the samples. Samples of 7 day aged in air and N, showed
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similar aqueous phase concentrations, and same to 2 day air and N, samples. This
further demonstrated the appearance of O, was not a decisive factor to the
compositional change of coal tar and aging process. The differences existed between
the data of 7 and 2 day NAPL-water systems as expected. The different leaching
behavior of 2 and 7 day samples indicates that 2 day aged coal tar probably had
intermediate properties of aged (e.g. 7 day aged) and fresh coal tars. This is consistent
with the observations of its consistency during sampling. The NAPLs formed at day 2
easily to small beads after scratched from the glass plates rather than pieces of thin

film of 7 day NAPLs

In addition, different compounds needed different time periods to reach equilibrium
for all of the NAPL-water systems. The equilibrium time depends on the molecular

weight, naphthalenes were the fast group, and 4-5 ring compounds needed longer time.

Equilibrium aqueous phase concentrations of aged coal tar-water systems

The data of C;., were taken from different day’s concentrations for aged coal tars-
water systems, since different time periods were needed to reach the equilibrium. All

data are shown in Figure 4.7, and marked in Appendix Table 6. The concentrations of
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Figure 4.7 Equilibrium concentrations contacted with aged coal tars from batch experiments

different samples were similar for most of the components except for 1-Naphthol,
which were extremely low in 2 day batch experimental solutions. This is may be due
to the measurement error. Two day aged coal tar in air had the highest C;,, of the light

molecular weight compounds (lower than 1-MNap).
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4.3.4 Partitioning coefficients of compounds from different NAPLs

With concentrations of solutes in coal tars C,, and the equilibrium aqueous phase
concentrations Cj .4, the partitioning coefficients can be calculated for compounds in

aged coal tars.

Po/w:Co/Ceq (41)

All of the computed data are shown in Figure 4.8 and listed in Table 4.1. Most of
these data were close to but lower than the published data [13]. The partitioning
coefficients of one compound in different samples were similar. For PAHs the
partitioning coefficients increased with the increase of the molecular weight and
decreased with the water solubility as expected (Appendix Figure). Fresh coal tar
showed the highest values for most of the PAHs, which is probably due to their lower
vapor pressures, the depletion of mass due to evaporation/volatilization during
treatment was almost negligible for these components. It is also due to the
solidification of the interfacial phase, the newly formed solid film can hinder the
transfer of PAHs from organic phase to water. For phenols, all of the components in
aged coal tars had similar higher values than that of fresh coal tar except for the 1-
Naphthol, which may be due to the measurement error, and the partitioning
coefficients increased with the increase of the water solubility. Further, there were no
obvious different between the samples aged in air and in nitrogen atmosphere.
Consider the solid interfacial film can hinder compounds transfer to water. This high
Cieq or low P, can only explain by (i) these compounds are component of the
interfacial film as showed by Andersen [11], and/or (ii) this solid film prevent more
the transfer of PAHs than phenols. Therefore, the study of the interfacial structure is

necessary.

4.3.5 Mass transfer coefficients of compounds in different NAPLs

With the dynamic concentrations from batch equilibrium, a value of mass transfer
coefficient for the compounds in 2 and 7 day aged coal tars were obtained as fitted
parameters was obtained according to the mass balance equation (eq 1.3) [14], the

analytical solution of eq 2.6, the analytical solution of eq 1.3.
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Figure 4.8 Comparison of partitioning coefficients of compounds between coal tar and water
phase. a, aromatic compounds, b, phenols

The numerical values of the overall mass transfer coefficient, £ (cm/s) was obtained
by fitting eq 2.6 to the measured aqueous concentrations of i over the experimental
period. The objective function, which was minimized, was given by relative residual

sum of square (RRSS) in eq 2.7.
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Table 4.1 Partitioning coefficients of compounds between coal tar and water (log p)

Freshcoaltar 7dayinair 7dayinN2  2dayinair 2 dayin N2 P”ga"itsa'led

Styrene 3.20 3.44 3.38 3.20 3.19 2.99
Phenol 267 3.80 3.87 3.84 3.84 1.91
o-Kesol 2.18 3.15 3.24 3.21 3.14

m-Kresol 2.32 3.34 3.46 3.41 3.26

Nap 3.71 2.96 3.45 3.13 3.47 3.83
2-MNap 425 3.70 4.05 3.82 3.87 4.40
1-MNap 4.26 3.51 3.57 3.60 3.36 433
Any 4.34 3.97 417 4.00 3.85 4.46
Ace 447 415 420 422 4.06 448
2-Naphthol 2.44 2.95 2.95 2.90 2.95

Fin 473 4.40 437 453 4.41 483
Phe 5.16 4.84 4.80 4.94 4.87 5.27
Ant 5.12 4.80 4.82 4.94 472 5.39
Fth 5.58 5.39 5.30 5.46 5.40 6.00
Py 5.59 5.36 5.29 5.46 5.40 6.11
BaA 5.72 5.62 5.63 5.93 5.59 6.24
Chr 5.73 5.30 5.43 5.77 5.25 6.48
BbF-BkF 5.98 5.90 5.75 6.24 5.98 7.15
BaP 6.17 6.00 5.84 6.29 6.11 7.06
Indeno 5.92 6.30 6.10 6.75 6.70 7.34
DahA 5.77 6.20 6.03 6.60 6.57 7.29°
BghiP 5.77 6.26 6.02 6.23 6.26 7.10°

a[13], experimental data from 1 to 17 coal tar samples; b from [6]

The data of k are shown in Figure 4.9, and listed in Table 4.2. Figure 4.9 shows that
compounds in 2 day treated coal tar had higher values than in 7 day’s as expected. For
2 day treated coal tars, aged in nitrogen sample obtained higher values than aged in air
for most of the light molecular weight compounds and vise verse. This is because of
the flow rate inside the glove bag being lower than the fume hood, and resulting in the

less depletion of volatile compounds by evaporation.

For 7 day aged coal tars, most compounds in air treated NAPL had similar to, or small
amount higher values than in nitrogen, which further suggests that oxidation is not a
factor on mass transfer of compounds. For PAHs the mass transfer coefficients
decreased with the increase of the molecular weight, and decrease of the water
solubilities. 2-3 ring PAHs obtained highest values. This may be due to the aged film

did not hinder the transfer of these components. Phenols and high molecular weight
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PAHs had lower coefficients of all samples. This is because of their lower
concentrations of phenols in NAPL, since most of which had depleted during the
treating process (about 99% phenol and 96-99% cresols) or formed part of the
interfacial layer. For high molecular weight compounds, their large molecular sizes

and low water solubilities should hinder their transfer to aqueous phase.
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Figure 4.9 Mass transfer coefficients of aged NAPLs obtained as a fitting parameter of eq 2.6 to
experimental data

Above all, the mass transfer coefficients vary in the range of 10E-5 to 10E-7 cm/s,
which is about two orders of magnitude lower than the data in the simple model
NAPL-water system (Table 2.2) and various fresh NAPLs-water system published in
the literatures (Appendix Table 2). This proves that the mass transfer process was
delayed by aging of the interface. Further research work is necessary to check the
mass transfer process of the fresh coal tar. The experiment can be performed by
continuously stirring flow through reaction system, which will be introduced in next

chapter.

4.4 Conclusions

The concentrations of some solutes in fresh and aged coal tars were dramatically

different. Aged coal tars showed no detectable BTEX, and had less concentrations of
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phenols, 2,3-benzofuran, styrene and light molecular weight PAHs than fresh coal tar.

However, the high molecular weight PAHs showed no obvious difference. Therefore,

Table 4.2 Mass transfer coefficients of compounds from aged coal tars (cm/s)

7 day Aged in 7 day Aged in 2 day Aged in 2 day Aged in
Air £ RRSS N2 £ RRSS Air £ RRSS N2 £ RRSS

Styrene 1.8E-06 + 0.27 2.0E-06 + 0.1 2.7E-06 + 0.24 4.7E-06 +0.19
Phenol 2.0E-06 + 0.28 2.2E-06 + 0.25 6.0E-06 + 0.19 9.9E-06 + 0.24
o-Cresol 2.4E-06 +0.19 2.3E-06 + 0.28 1.3E-05 + 0.13 1.8E-05 + 0.25
m-+p-Cresol 2.1E-06 + 0.21 2.0E-06 + 0.28 2.0E-05 +0.12 2.1E-05 + 0.26
Naphthalene 1.5E-05 + 0.014 2.7E-05 + 0.006 1.4E-05 £ 0.076

2-Methylnaphthalene 1.0E-05 + 0.04 1.5E-05 + 0.02 1.4E-05 + 0.028

1-Methylnaphthalene 7.4E-06 + 0.05 4.6E-06 £ 0.6 1.3E-05 £ 0.02

Acenaphthylene 9.8E-06 + 0.04 9.1E-06 + 0.06 2.0E-05 + 0.021 3.7E-05 £ 0.13
Acenaphthene 1.0E-05 + 0.045 1.0E-05 £ 0.05 1.8E-05 + 0.026 2.5E-05 + 0.25
2-Naphthol 3.2E-06 + 0.07 3.9E-06 + 0.07 1.2E-05 + 0.08 1.6E-05 + 0.1
Fluorine 1.2E-05 £ 0.26 1.4E-05 + 0.027 2.7E-05 + 0.019 1.8E-05 + 0.21
Phenanthrene 1.1E-05 £ 0.04 1.4E-05 + 0.047 2.2E-05 +0.025 1.2E-05 £ 0.03
Anthracene 8.0E-06 + 0.04 1.3E-05 £ 0.039 18E-05£0.11  6.5E-06 £ 0.027
Fluoranthene 6.7E-06 £ 0.05 4.9E-06 + 0.17 8.8E-06 + 0.22 5.9E-06 + 0.13
Pyrene 5.3E-06 + 0.12 2.1E-06 + 0.61 7.1E-06 + 0.68 4.0E-06 + 0.24
Benz(a)anthracene 1.1E-06 + 0.58 1.4E-06 + 0.23 4.4E-06 + 0.44 2.7E-06 + 0.06
Chrysene 9.6E-07 + 0.3 1.6E-06 £ 0.28 37E-06+0.6  1.1E-06 + 0.047
g::iggﬁ;ﬂﬂgﬁgngz 1.4E-06 + 0.46 8.8E-07 + 0.21 1.3E-06 + 0.44 1.0E-06 + 0.24
Benzo(a)pyrene 1.3E-06 £ 3.9 7.0E-07 £ 0.9 6.7E-07 + 0.49 1.0E-06 + 1.57
Indeno(1,2,3-cd)pyrene 1.0E-06 + 0.48 7.6E-07 £ 0.28 1.1E-06 + 0.66 1.6E-06 + 0.87
Dibenzo(a,h)anthracence 1.0E-06 + 0.51 6.8E-07 + 1.39 1.2E-06 + 0.84 7.0E-07 + 0.44
Benzo(g,h,i)perylene 1.7E-06 + 0.016 8.3E-07 + 0.65 1.8E-06 + 0.87 1.0E-06 + 33

There are a few data points for Benzofuran, naphthalenes and 1-Naphthol in some NAPLs. Mass
transfer coefficient could not be obtained for these compounds.

the risk of pollution by organic contaminants still existed for groundwater, and was
still high for some compounds near the contaminated sites even though some well
water soluble compounds were depleted during the leaching process. The change of
solute concentration and the degree of aging depended more on the treatment process
and environmental conditions than on experimental time span. The evaporation /
volatilization and leaching processes had significant effects on aging process of coal

tar. For the commercial coal tar, under investigation evaporation of volatile
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components was a more important factor than dissolution of components for the
formation of an aged interfacial film. Oxidation due to the presence of oxygen or
hydrogen peroxide in solution did somewhat affect the aging process, however, it was
only a second order factor under the studied experimental conditions. The pH value of
the solution was significant to the extraction/leaching properties of compounds from
NAPLs phase, and it might be also important to the aging process. The overall mass
transfer coefficients of the experimental compounds, the best fitting parameters for
the operation system increased with the water solubilities and decreased with the
molecular weight for PAHs. Further, phenols behaved different to PAHs in this test.
There was no obvious rule for phenols, except for the mass transfer coefficients in 2
day aged samples were higher than 7 days sample. All of analyzed compounds’ mass
transfer coefficients in 7 and 2 day treated coal tars were about two orders of
magnitude lower than that in fresh and model NAPLs. This indicated the mass
transfer resistance increased during aging process. The increase of the mass transfer
resistance is due to the mass depletion of the compounds in NAPL phase and the

formation of the solid interfacial phase.
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Chapter 5 Mass Transfer Process from NAPLs to water
studied in a Continuously Stirring Flow Through
Reactor

5.1 Introduction

Aquifers and soils are often contaminated by non-aqueous phase liquids (NAPLs),
which are long term sources for groundwater plumes. As groundwater flows passes
trapped ganglia or NAPL pools, a fraction of the NAPL dissolves in the aqueous
phase creating a plume of dissolved hydrocarbons. This may cause the contamination
of the groundwater, which is a worldwide major source of drinking water [1-3]. The
mass transfer kinetics of solutes from NAPLs has been extensively studied. Several
theoretically and experimentally derived mass transfer relationships are available in
the literatures to describe the dissolution of NAPL pools and residual NAPL blobs [4-
13].

Various empirical correlations for estimating the over all mass transfer coefficients &
(cm/s), a measure of the resistance to mass transfer have been proposed and involving
parameters such as water velocity, NAPL saturation, and grain-size of the porous
medium [1, 14-16]. For the mathematical models of contaminant transport originating
from NAPL pool dissolution, it is often assumed that mass transfer rates inside the
NAPL are faster than the advective dispersive transport of the dissolved NAPLs away
from the interface, i.e. the water boundary layer is limiting the dissolution process.
However, in some situations, especially the presence of a solid or semi-solid
interfacial film formed due to the aging phenomena, the resistance of this interfacial

layer may not be neglectable [11, 17].

5.2 Research Objectives

The main objectives of this work are, (i) to design an experimental set-up for the
determination of mass transfer coefficients at different hydromechanical and
physicochemical conditions, (ii) to test the applicability of Raoult's law for complex
NAPL mixtures, and (ii1) to establishment and/or modify a numerical model to

describe the mass transfer process and to determine the related parameters.
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5.3 Materials and methods
5.3.1 Materials - Model NAPL

In the single solute experiment, phenanthrene was used as the probe compound at a
concentration of 3 g in 250 mL toluene. This concentration (12 g/L) is representative
of most real NAPLs, e.g. coal tar or creosotes. This simple single solute model NAPL
was used to check and improve the experimental set-up, sampling and analytical

method as well as to validate the numerical model.

Subsequent experiments were carried out with a complex model NAPL. The
compounds (with their associated purities) in a toluene solution were naphthalene
(98%, Aldrich), phenanthrene (98%, Alfa Aesar), 2,3-benzofuran (99%, Aldrich),
phenol (99.5%, Fluka), m-Cresol (99%, Aldrich), 1-Naphthol (99%, Aldrich) and
phenoxathiin (98%, Alfa Aesar). These compounds are representatives of frequently
detected contaminants including PAHs, phenols and heterocyclic aromatic compounds,
and they are also major constitutes of real NAPLs, except for phenoxathiin, which has
never been reported in any contaminate sites. It was taken as a reference to validate
the experimental and modeling process. The initial masses and concentrations (C,) of
these compounds in the organic phase are listed in Table 5.1. The aqueous phase in
contacted with the model NAPL consisted of toluene pre-saturated water to avoid

depletion of the solvent.

Table 5.1 Composition of the complex model NAPL

Mass (g) MW (g/mol) C, (g/L) Mole Mole fraction (%)
Phenol 0.00088 94.1 0.0044 0.000009 0.0005
2,3-Benzofuran 0.0570 118.1 0.29 0.00048 0.026
m-Cresol 0.00094 108.1 0.0047 0.0000087 0.0005
Naphthalene 0.9081 128.2 4.54 0.0071 0.38
1-Naphthol 0.0019 1442 0.0094 0.000013 0.0007
Phenoxathiin 2.003 200.2 10.0 0.010 0.54
Phenanthrene 1.993 178.2 9.96 0.011 0.60
Toluene (solvent) 200 mL 92.1 839.7 1.82 98.44
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5.3.2 Continuously Stirred Flow Through Reaction System (CSFTRS)

An experimental system was set-up to measure mass transfer of contaminants from
NAPL to water. The configuration of the set-up is shown in Figure 5.1. The self-
designed cell (500 mL) is sealed by a Viton ring and a horse shoe to make it gas tight.
Aqueous and NAPL phases were filled inside the cell with a constant or variable
volume ratio. Figure 5.1 shows the LNAPL-water system, but the reactor can be
operated also with DNAPL (e.g., TCE, coal tar) and even porous media with a certain
NAPL saturation. Two magnetic stirring bars can be put at the top and bottom,
respectively, to mix one or two phases without affecting the interfacial area. The cell
was fed from the liquid reservoir by a peristaltic pump (ISMATEC, Switzerland)
through stainless steel tubing (1/16", Klaus Ziemer GmbH, Mannheim), the flow rate
of the aqueous phase can adjusted and controlled. A three way-valves connector
(Swagelok 1/16") was used to connect the reactor with the pump and the sampling
port. The CSFTRS can be operated at different hydromechanical (flow rate, volume
ratio, with or without porous medium, variable NAPL saturation) and
physicochemical conditions (pH, ionic strength, in the absence or presence of
reactants such as oxidants, metals and organic compounds or microbe). The aqueous
concentrations in the reactor effluent were sampled and measured by Gas

Chromatography (GC) with a mass detector.

Figure 5.1 Setting up of the continuous stirring flow through reaction system

The preliminary tests were run for 24 hours, and a steady state concentration was

observed after 6 h at a flow rate of 0.5 mL/min, the average resident time of the water
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in the reactor was 13 hr. Subsequently, the subsequent experiments were performed
for 8 hours (0.5 mL/min), and 18 aqueous samples were collected. The first sample
was taken in 5 min after the NAPL and aqueous having contacted. The sampling
interval was 10 min within first 2 hours, later the interval extended to 20, 30 and 60

min.

5.3.3 Chemical analyses

Aqueous sample (5 mL) was spiked with 5-10 pL of internal standard,
acenaphthylene (2 g/L) dissolved in toluene solution, and extracted by 1 mL ethyl
acetate. The extractants was analysed by GC-MS (HP 5890/ Il with HP 5972 MSD)

together with four external standards (mixture of all organic compounds in
cyclohexane at four different concentrations). The linear regression was used to
determine the relationship between measured areas of signal and concentrations of
standards. The concentrations of the aqueous sample were calculated according to the

slop of this linear relationship.

Analytes were separated using a 30 m X 0.25 mm DB-5MS column (J&W Scientific)
with 0.25 pm film thickness. The injector temperature was maintained at 270 °C, and
the injection volume was 1 pL. Helium was used as the carrier gas at a constant flow
of 0.6 mL/min. The oven temperature programme was 50 °C for 2 min then increased
at a rate of 8 °C/min to 90 °C, increased to 270 °C at a rate of 18 °C, held for 10 min
and finally raised to 310 °C (held for 6.5 min), the total time period is 48.5 min. The

chromatogram of a sample is shown in Figure 5.2.

5.3.4 Modeling approach

In this system the mass transfer from NAPL to water is due to the diffusion and
advective flow. Consequently, the change in the aqueous phase concentrations in the

reactor with respect to time can be described by two terms (see eq. 5.1) [2, 10, 11].

ﬁ = iki(Ci, eq — Cl) —QCz
et Vw Vi (5.1

where, C; (ug/mL, or pg/L) is the time-dependent concentrations of solute i in water
phase, and 4 (cm?), V,, (cm®), Q (ml/min) are the interfacial area, water volume and
flow rate, respectively. C; ., is the equilibrium aqueous phase concentration at time ¢

of the compound i. The overall mass transfer coefficient for the solute 7 is &; (cm/min).
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Note that both terms in equation 5.1 have the units of mass per volume per time
(pg/cm’/min). The first term on the right hand side is referred to as the exchange term
E between the organic and the aqueous phase. This term also represents the sink to the
organic phase.
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Figure 5.2 Chromatograph of a representative sample. The compounds are phenol, benzofuran,
m-cresol, naphthalene, acenaphthylene, 1-naphthol, phenoxathiin and phenanthrene.

Analytical model

In the single solute experiment, phenanthrene was used as the probe compound, and
the mass leached of this solute from the NAPL phase was negligible compared to the
total mass (or remaining mass) due to its low water solubility (<0.06%). The
concentration of solute in the NAPL phase was constant, in particularly, C;., can be
treated as a constant. During flushing period the change in NAPL volume and k&; was

considered negligible. The eq. 5.1 can be integrated to yield:

= A 'ki-Ci,eq _(A'ki-Ci, eq _C[’O)-e*(%kﬁ%)(t*m)
A-ki+Q A'ki+Q

(5.2)

where 7 is the initial time, C;1s the initial concentration. The goodness of fit k; for
each set of aqueous concentration data was evaluated by the values of the relative

residual sum of squares (RRSS) as eq 2.7.

Numerical model
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In the complex model NAPL, the well soluble compounds, e.g., phenols, 2,3-
benzofuran were depleted significantly from the phase during the experimental period.
Therefore, C;., may decrease and it could not be taken as a constant. In this case,
there is no analytical solution for eq 5.1 and a numerical solution is required. This

problem can be solved by introducing Raoult’s law.

Cieq=yi-yi-Si,sup (5.3)

where preliminary, y; are the activity coefficient and mole fraction of 7 in NAPL phase,
Sisup 18 the subcooled liquid solubility. Previous research has demonstrated that
Raoult’s law with y; of unity or very close to unity holds for monocyclic and
polycyclic aromatic hydrocarbons in model and real NAPLs [17-20]. However, y; is
unity only for ideal solutions. Under more complex conditions, y; may become a
function of individual compounds’ y; [21]. If a power law dependence of the activity
coefficient on the component mole fraction is assumed using an exponent n (y, =

constant " y,"), it may be useful to lump the mole fraction dependence to obtain:

Ci,eq :7,-* 'ZinH 'Si,sub (5.4)
with n as an empirical exponent of y;, it could be (i) negative (n<0) for the compounds
which may involve strong polar interactions in the solute : water interaction, (ii) close
to zero (y; close to 1) for the solutes in which molecular interactions in the organic
solutions are nearly the same as in the pure liquid compound, and (iii) negative (n>0)
for the solute and solvent both acquire addition intermolecular interactions that were
unavailable to them in their pure liquid phases. % as a mole fraction independent

activity coefficient, and y; can be obtained from the iterative formulas:

n+l
Ci,eq:yi [MI/ZMJJ 'Si

J= (5.5)
E = A'ki '(Ci,eq _Ci,w) (5.6)
Mi,t :Mi,t—l _g : (Ei,t + Ei,t—l)
2 (5.7)
C... +§_ A-k; 'Ci,eq +£_ Ei,t—l _Q'Ci,w,t—l
c - o 2 v, 2 v,
wyit A k k
1 + g . b
2 (5.8)

where, At is the time step, m the number of compounds, M the component mass within

the organic phase in (mol) and E the exchange term (first term on the right hand side
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of eq 5.1). M and C,, are marked by subscripts (2) to account for the current time level
and (#-1) for the previous time level. A¢ should be small enough for the simulation,
and it was 0.0001 min in this case. The total elapsed time of simulation is the

experimental time period as 480 min.

The model is based on eq 5.1 and was programmed in FORTRAN 90. The non-linear
system was solved numerically by Gauss-Seidel iterations with centered time-
weighting over the set of eq 5.5 —5. 8 until convergence is achieved. The time step
was automatically adjusted to split the time until depletion of the currently most
soluble component into a sufficient number of steps (=100) until that particular

compound is totally depleted.

5.4 Results and discussion

5.4.1 Simple model NAPL

Simulated results of the single solute NAPL depletion experiment are shown in Figure
5.3. The obtained best fitting k£ varied between 3 to12E-4 cm/s for all of the tests. This
range of fitted & of phenanthrene matched well with the published literature data listed
in Appendix Table 2 but falls on the higher end [5, 8, 10, 11, 15, 21]. The reason for
the relatively high value of £ may be that the model NAPL is a low viscosity mixture
with toluene as solvent and does not include high molecular weight hydrocarbons (i.e.,

asphaltene and resin) present in real world NAPLs such as coal tar and creosote.
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Figure 5.3. Fitting vs. measured concentration of simple model NAPL. RRSS was 0.026.
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5.4 Results and discussion

5.4.1 Simple model NAPL

Simulated results of the single solute NAPL depletion experiment are shown in Figure
5.3. The obtained best fitting k varied between 3 to12E-4 cm/s for all of the tests. This
range of fitted k of phenanthrene matched well with the published literature data listed
in Appendix Table 2 but falls on the higher end (Alshafie & Ghoshal, 2004; Ghoshal
et al., 2004; Ghoshal et al., 1996; Mukherji et al., 1997; Ortiz et al., 1999; Schluep et
al., 2001). The reason for the relatively high value of £ may be that the model NAPL
is a low viscosity mixture with toluene as solvent and does not include high molecular
weight hydrocarbons (i.e., asphaltene and resin) present in real world NAPLs such as

coal tar and creosote.
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Figure 5.3. Fitting vs. measured concentration of simple model NAPL. RRSS was 0.026.
5.4.1 Complex model NAPL
Eluents’ profiles of the experiment

The eluent profiles of components of the complex model NAPL-water system are
shown in Figure 5.4. The aqueous phase concentrations of phenol and m-Cresol
increased to the maxima in 100 min and decreased slowly. The concentrations of

PAHs and heterocyclic hydrocarbon increased to steady state concentrations at
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different time periods and kept relatively constant similar to the elution profiles of

phenanthrene in simple model NAPL system.

Model results

If all of y were assumed to be equal to or very close to 1 the simulated concentrations
deviated dramatically from the measured data indicating that a non ideal chemical
environment existed in the model NAPL for certain solutes. These findings is contrary
earlier studies which applied Raoult’s law under ideal conditions (Brown et al., 2005;
Cline et al., 1991; Lee et al., 1992; Peters et al., 1997). Consequently, in this system,
y; should be variable for some compounds during the experiment and was described as
a function of the y;. In this work a simplified power law function y, = y," as suggested
in chapter 2 was used. The exponent, n, of ' should be negative (n<0) for the polar
compounds, close to zero for PAHs and 2,3-benzofuran because of their specific

ability to be engaged in polar interactions in toluene and aqueous solutions.
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Figure 5.4. Experimental and simulated eluent profiles for the multi component model NAPL.
Solid lines show the simulateded concentrations, and the diamonds represent the experimental
data.

A numerical solution according to the above equations was utilized to simulate the
experimental concentrations. The simulated results are shown in Figure 5.4. The

figure shows clearly that all of the simulated profiles match with the experimental
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concentrations except for a few points of phenoxathiin and phenanthrene at the
beginning of the test. This maybe due to measurement errors associated with their
very low aqueous phase concentrations at the beginning of the experiment. With this
model, the fitting parameters of the mass transfer coefficient k, empirical parameter n,
and the function describing the relationship of y; and y; were also obtained and are
listed in Table 5.2. The k of naphthalene and phenanthrene fall within the high end of
the published data. As discussed before for the single solute NAPL, the relatively high
values may be due to the high viscosity of the toluene based NAPL, which lacks any
high molecular weight compounds and solid particles. The resistance to mass transfer
was thus expected to be less than in real mixtures as diesel, petrolatum etc. with high
molecular weight compounds of asphaltenes and resins. With regard to a PAH, data of
k located in a small range in both model and real NAPLs, and that of 2 and 3 ring
PHAs changed only a small amount in same matrix. The reason may be their
physicochemical properties (e.g. molecular structure) being similar, and these
properties are important to mass transfer under definite condition. In addition, there
was no published data for phenol, 2,3-benzofuran, m-cresol and phenoxathiin.
However, their k are higher than others except for phenol. For phenol, its low initial C,
combined with high water solubility could contribute to the low remained mass in
NAPL phase after a short leaching time period. The concentration gradient should be

small and diffusive process was therefore very slow.

Table 5.2. Simulated results of the complex model NAPL-water system

2,3-

Phenol m-Cresol Naphthalene 1-Naphtol Phenoxathiin Phenanthrene
Benzofuran
n -0.11 -0.02 -0.06 0 -0.03 0 0
,Yi X011 X0-02 X0-06 1 X0-03 1 1
ki (cm/s)
2.25 7.2 21.7 13.3 15.8 30 10
10e-4

The y; of the compounds changed with the depletion of the chemicals, especially for
the well soluble compounds, and leaded to proportional enrichment of rarely soluble
compounds. The y; of some compounds deviated subsequently away from unity in this
dilute organic solution and the mass transfer resistance may also shift to NAPL phase.

Regarding to the change of y; for some compounds, it could be simulated as a function
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of y; by numerical model according to the experimental concentrations. This
numerical model provides a simple method to estimate the y; of the compound in the
complex and real NAPLs, which is an important and always lacking parameter. Figure
5.5 shows clearly the trends of simulated y; of the compounds in the model NAPL-
water system while extrapolating the relationship of y; and y; to the boundary
condition, which is the pure liquid compound. PAHs and Phenoxathiin behaved
ideally in this system. For phenols, the y; increase with lower mole fractions in the
NAPL consistent with the less polar nature of the solvent. Further, the y; values of
phenols increase with their polarities in the dilute solutions, as a -CH,- group and
aromatic ring will lead to a decrease of polarities. 2,3-Benzofuran behaved similar to
PAHs, which prefers to stay in aqueous phase rather than in NAPL phase in the

dilution solution.
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Figure 5.5 Simulated activity coefficients vs. mole fractions according to the numerical simulation
results. PAHs and phenoxathiin behaved ideally, the y; were unities.

For the possible shift of the mass transfer resistance, it could not be simulated by this
model, since & is an overall parameter describing the whole system and was assumed
as an invariable during the simulating process. If another model and real NAPLs were
used to conduct the experiment by CSFTRS in next step study, the effect of the

diffusion in aqueous, NAPL and interfacial phases maybe understood and simulated
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by numerical model. Further study is needed to foster our understanding of mass

transfer process.

5.5 Conclusions

The self-designed continuously stirring flow through reaction system can be used to
perform the mass transfer experiment for different NAPLs under different
hydromechanical and physicochemical conditions. Raoult’s law with an ideal
assumption (y;=1) does not hold for all of the determined compounds in a complex
model NAPL-water system. For the tested multi components model NAPL, a
numerical model was established according to the mass balance equation and a
general form of Raoult’s law, where the activity coefficient varied with system
composition and was described as a power function of mole fraction. The simulated
concentrations’ profiles with this model system matched with the experimental
profiles. The mass transfer coefficients for the determined compounds were also
obtained and all of the values were admittedly acceptable compared to the data in the
published literatures. Furthermore, the numerical model method derived a tool for
prediction of the activity coefficients in organic mixtures. The activity coefficients
were simulated as a variant for phenol, m-cresol and 2,3-benzofuran, and were unity
for naphthalene, phenantherene and phenoxathiin. The activity coefficients of phenols
were positive and decreased with an additional -CH,- group and aromatic ring as
expected. The value of PAHs and phenoxiathiin being 1 was due to their similar
molecular structure to the solvent. Further, the activity coefficients of 2,3-benzofuran
were near unity in dilute toluene solution, and no further experimental data was
available being a reference. Next step should perform experiments with more solutes

and modify further this numerical model with experimental data.
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Chapter 6 Conclusions and Outlook

6.1 Research of aging phenomena

All of the NAPLs (five kinds of coal tars and six kinds of crude oils) tested in this

study showed visible aging phenomena. Different NAPLs experienced different aging

processes under the same environmental conditions. Depletion of well water soluble

compounds is important to the aging of crude oil, and evaporation/volatilisation

contribute more to the aging of coal tar. The compositional and environmental
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conditions decide the aging process and affect the properties of NAPLs. The existence
of oxidant, which was hydrogen peroxide in continuously flow through experiment
accelerated the aging process, and pH of the solution contacting with NAPLs is
decisive to the leaching properties of the compounds from NAPLs phase. The
compositions of the aged coal tars changed dramatically comparing to the fresh coal
tar, especially for BTEX, phenols, 2,3-benzofuran and light molecular weight PAHs.
However, there is little compositional information about the heterocycles compounds
(except for 2,3-benzofuran) and organic acid of NAPLs. Therefore, next step should
further estimate the composition of fresh and aged NAPLs, especially for the
heterocyclic hydrocarbons (e.g., pyrroles, pyridines, imidazols pyrimidins and furans),
quinoline, organic acides, organimetallic compounds, metal and metal oxide. Then the
study can focus on the investigation of the oxides of phenol, styrene and olefin, which
include dihydroxylated rings such as ortho- and para- hydroquinone, benzaldehyde
and styrene oxide, because this study have checked only the possible effect of
oxidation with the present of oxygen and hydrogen peroxide solution. Styrene and
phenol present commonly in various fresh NAPLs and can be oxidized in the presence
of oxygen, fenton reagent and/or tiny amount of metal or metal oxide (Mn, Co, Ti, Fe,
V and TiO;) being catalyst. Later, the research can address to the possible
peroxidative product of alkenes, the mesophases and polymers of phenol and styrene
and the surface active high molecular weigh compounds such as asphaltene and resin,
if analytical instruments (e.g., state of the art liquid and solid phase NMR, high field
FT ion cyclortron resonance MS etc.) are available. This work would lead possibly to
the confirmation of the compounds contributing to the formation of aged interfacial

films and could, also gain insight into the underlying reactions.

In addition to the knowledge gap of the composition of NAPLs, there is little
information referring to the structure of the NAPLs interfacial phase. An improved
understanding of the structure of this phase may reach only with the combined
information from the various techniques such as rheological, novel spectroscopic and
electrochemical manipulation and measurement, which depends highly on the level of

apparatus and needs to cooperating closely in interdisciplinary fields.
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6.2 Study of mass transfer process

The mass transfer process was investigated by the batch experiments for the simple
model NAPLs and aged coal tar, and by CSFTRS for simple and complex model
NAPLSs. The mass transfer coefficients (k) were obtained as best fitting parameters for
the analyzed compounds. The estimated k£ were about two orders of magnitude lower
in aged coal tars than those in model and fresh NAPIs, which indicates that the mass
transfer resistance increased with the aging process of NAPIs. However, there are
limited data for the dynamic mass transfer process of real NAPLs system. Therefore,
column, tank experiments and CSFTRS could be performed with real NAPLs-water

system during the next step work.

The experiment could be performed under different hydrological conditions, e.g., flow
rate, volume ratio, with variable NAPLs saturated porous medium. The results of
these experiments could possibly answer the question that which
processes/phases/conditions is/are the rate limit for the mass transfer process. The
physicochemical parameters related to mass transfer process (mass transfer
coefficients, partitioning coefficients etc.) could also be obtained, which combining
with NAPLs and aqueous phase concentrations will be useful to the modification and

validation of the mass transfer model.

6.3 Model research

The batch model was used to simulate the simple model NAPL and aged coal tar-
water systems, and mass transfer coefficients were obtained as the best fitting
parameters for the detected compounds. The continuous flow model coupling mass
transfer through the interface and advective flow, which exists commonly in the real
subsurface was used to describe simple and complex model NAPLs-water systems.
The analytical solution for this model only exists and can only simulate the mass
transfer process for simple model NAPLs-water system. A numerical model
considering activity coefficients and Raoult’s law can simulate the eluent profiles of
complex NAPLs-water system. The mass transfer coefficients and functions of
activity coefficient to mole fraction were also simulated from this numerical model.
However, the experimental data of real NAPLs-water system is limited and some
experiments are scheduled to perform in next step work (see above section). Therefore,

the numerical model could be further validated with the data obtained from real
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NAPL-water system. The numerical model may finally describe the dynamic mass
transfer process while the NAPLs undergo aging process. The simulated parameters
such as mass transfer resistances and the activity coefficients for fresh and aged
NAPLs are the important input data to the risk assessment and remediation

effectiveness to the contaminated sites with NAPLs.
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Appendixes

Table 1 Physical chemical properties of the major compounds tested in this study

Aqueous Solibility . - Fugacity
Abbreviation Structure Mc;:;lx\llt at 25°C PM.e I:"l% PB.OI,:"T,% Ratio at ;’tag ;,';:p{;snf:“;
g Si [mg/l] oint (°C) oint (°C)  250c (i) g
Benzene @ 78.1 1790 5.5 80.1 1 94.8
Toluene HaCO 92.1 526 -93 110.6 1 284
Ethylbenzene @ACHS 106.2 161.2 -94.9 136.1 1 9.6
p-Xylene Hac@cm 106.2 198 13.3 138.3 1 8.84
CH,
o-Xylene ﬁjwa 106.2 175 25.2 144 1 6.61
CH,
Propylbenzene ©/v 120.2 55 -101.6 159 3.42
CHs
CH
1,2,4-Trimethylbenzene 1,2,4-TMB /fj/ ’ 120.2 59 -43.8 169 21
HyC
CHy
. HyC CH,
1,2,3-Trimethylbenzene 1,2,3-TMB \ij/ 120.2 75.2 -25 175 1.69
HyC. CH,
1,3,5-Trimethylbenzene 1,3,5-TMB Q/ 120.2 48.2 -44.7 165 248
CH,
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Styrene
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p-Cresol
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2-Methylnaphthalene
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82800
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25900
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21500
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755

0.449

31.7*

25.4*
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-1.8

-30.6

40.5

35.5
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80.6

34.58

176.5

181.6

145.2

181.7
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218
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240-243

0.3

0.86

1.47

1.1

6.4

0.35

0.44

0.11

0.17

0.299

2.74e-4

3.2e-4

1.44e-4

0.085

0.055

0.067
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Acenaphthylene

Acenaphthene

Fluorene

Phenanthrene

Anthracene

Fluoranthene

Pyrene

Benz(a)anthracene

Chrysene

Benzo(b)fluoranthene

Benzo(k)fluoranthene

Any

Ace

Fln

Phe

Ant

Fth
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BbF

BkF
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W
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%
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154.2
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0.05
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0.014*

0.002

0.00323*

0.00055*
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340
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0.2
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6.53e-6

9.22e-6
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6.23e-9
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Benzo(a)pyrene

Indeno(1,2,3-cd)pyrene

Dibenzo(a,h)anthracene

Benzo(g,h,i)perylene

BaP

Indeno

DahA
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252

276
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0.0038*
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Table 2. Published data for mass transfer coefficients (10E-4 cm/s)

NAPL Authors Phe Nap Py Benzene m/p-Xylene
Diesel Schluep 2001 3.2 34 3.9 3.2
Creosote Alshafie 2004 4
Crude oil Ghoshal 2004 7 6-11
Gasoline Ghoshal 2004 1.7 6.7
Coal tar Ghoshal 1996 2.44-3.05
Coal tar Benhabib 2006 0.4-1.3*
Model NAPL Mukherji 1997 8.5-14.2
Petrolatum Ortiz 1999 7 6 9
* for all PAHs



Table 3 Composition of fresh coal tar (ug/g)

Abbreviation

Benzene

Toluene

Ethylbenzene

p-Xylene

o-Xylene

Pyopylbenzene

1,2,4-Trimethylbenzene 1,2,4-TMB
1,2,3-Trimethylbenzene 1,2,3-TMB
1,3,5-Trimethylbenzene 1,3,5-TMB
Indane

Indene

Styrene

Phenol

Benzofuran BF
o-Cresol

m+p-Cresol

Naphthalene Nap
2-Methylnaphthalene 2-MNap
1-Methylnaphthalene 1-MNap
Acenaphthylene Any
Acenaphthene Ace
1-Naphthol

2-Naphthol

Fluorine Fin
Phenanthrene Phe
Anthracene Ant
Fluoranthene Fth
Pyrene Py
Benz(a)anthracene BaA
Chrysene Chr
Benzo(b)fluoranthene BbF
Benzo(k)fluoranthene BkF
Benzo(a)pyrene BaP
Indeno(1,2,3-cd)pyrene Indeno
Dibenzo(a,h)anthracence DahA
Benzo(g,h,l)perylene BghiP

Zidentified compounds %

Cyclohexane soluble, not
identified %

Cyclohexane unsoluble %

This work £SD
1338+99
1230438

7.9°
595.8+9.2
191.3+.8
<40
175.1£7.2
37.7£7.0
98.2+11
50.1+3.9
9104+115
1013+10
131.4£7.7
1094+14
22.8+1.1
73.8+4.3
149885+1263
16869423
71624240
194534558
31174116
69.1+4.2
66.5+4.1
14091160
40325+1100
85044224
27011£1623
18223+1161
71124449
37394327
127001013

6461+704
1500264
182.3+28
899.7+115
33.1

14.8

52.1

C. E (2002)®
950
1074
44
692.2
251

235
61
125
90
10648

913

140900
16100
6900
19900
3100

16900
55100
13500
29500
21300
10800
7600
11700

7400
4000
700
2700
38.32

22.58

39.1

a. from (Eberhardt, 2002) b. only one sample can be detected for this compound
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Table 4 Composition of coal tars aged at different environmental conditions (ug/g)

Styrene
Phenol

BF
o-Cresol
m+p-Cresol
Nap
2-Mnap
1-Mnap
Any

Ace
1-Naphthol
2-Naphthol

Fln

16 months
aged in
water BE
74.84£2.4
31.53+0.53
54.52+4.3
11.82+0.14
34.99+0.50

1100613723
158524571
68254258
155064502
3001+99.3
41.17+1.6
72.34£0.82

12727+399

16 months
aged in
open air

BE

10.7+0.19
24.9+0.52
0.43+0.035
6.74+0.15
25.2+0.50
215644434
8493+139
3891+68.9
12595283
2448+38.3
3.35%41.2
27.5£72.3

13489+282

16 months
CFTE 2%
H20;
30.41+0.80

0.14+0.01
12.120.22
0.03+0.0033
0.08+0.0079
42975+1057
10381+249
4391+108
97684249
2097+49.4
1.81+0.027
3.83£0.35

111304263

16 months
CFTE
millipore
water

23.30+0.19
0.11£0.00048
9.48+0.33
0.02+0.0012
0.06+0.00033
379974264
10233+22.1
4294+13.5
9598+33.9
2117£7.31
1.88+0.16
3.06+0.16

11354+60.1

16 months
CFTE
degassed
millipore
water
22.46+0.16
0.110.0027
10.6620.36
0.010.0036
0.06+0.0072
39854+305
10659+104
4415+40.8
9781102
2134118.6
1.80£0.094

3.15+0.088

11673+51.5

SC7 (_1ay in
air
9.21:0.24
0.53+0.0053
0.360.054
0.19£0.012
0.75+0.046
77.920.77
65.9:1.25
78.127.51
1718249.6
34416.34
1.69£0.40
26.0£2.48

4282+20.7

SC 7 day in
N,

8.05+0.14
0.68+0.018
0.22+0.017
0.14+0.0036
0.62+0.02
71.6+£1.76
46.8+1.15
32.6+2.39
897+22.0
153+3.65
2.16+0.30
32.5+1.2

4049+84.7

SC?2 (_jay in
air
7.5620.20

1.75£0.058
0.310.073
0.68+0.0050
2.83+0.10
256+3.8
279+4.6
27624.7
3799+41.3
790+9.1
18.5¢1.9
36.5+1.2

6523+99.6

SC 2dayin
N,

8.90+0.32
1.31£0.17
0.25+£0.036
0.39£0.011
2.00+0.050
87.4+1.1
109.89+1.9
97.2+0.72
3019+41.1
646+6.9
29.9+1.9
51.7+1.9

8494+130
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Phe

Ant

Fth

Py

BaA

Chr

BbF+ BkF
BaP
Indeno
DahA

BghiP
Zidentified
compounds %

Cyclohexane
unsoluble %

33680+£1098

7474+233

295961927

41487426

8694+121

3976+129

14044+336

7304+168

2940+£36.3

328.69.6

15154311

31.5

45.9

344394566

75124155

273794512

4134241227

10009+170

4154+90.2

154451214

7775239

3886+63.7

556.0+8.9

1904+35.2

217

78.0

292924646

6454+155

240961496

16269+365

8306+322

3628+94.2

13825+409

6712+184

3331+122

438.1+24.2

1703+49.2

18.7

77.5

30260+123

6767+51.9

249541194

16918+151

9353+502

3794+26.1

14379+160

6989+101

3559+37.0

494.0+9.8

1787+£10.7

20.3

7.7

30678+151

6819+53.0

24468+72.4

24263+1347

9031+137

3652+23.1

13480+92.5

6590+128

3300+16.5

458.4+2.05

1608+11.2

20.3

88.8

26840+237

6031+56.6

26716+£323

17319+259

9719+128

4305+27.0

15302+101

7973+128

4032+54.0

462.7+32.6

2183+17.7

12.7

81.9

28985+748

6534+169

264811662

17145+410

9791+267

4167+£114

14977+438

7747+226

3930+104

502.4+13.9

2043+52.9

12.8

84.7

28367+440

6348+104

259341555

16867+287

9733+167

4168+69.9

15505+263

7872+45.1

4156+73.1

524.5+10.6

2233+37.7

13.4

82.1

355554583

7829+113

312721514

20622+357

118121209

5080+88.4

19616+388

9951+174

5365+184

711.1£33.0

2825+85.5

16.3

77.0

Data are mean value = S.D
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Table 5 Equilibrium and steady state aqueous phase concentrations of analyzed compounds in fresh and aged coal tar-water systems (ug/L)

Fresh coal tar

16 C.E
months (20'02)
av%g?e:'n dialysis
membrane
batch
Styrene
635+8.4
Phenol
278+7.2
BF
1558+23 1132
o-Cresol
150+3.8
m+p-Cresol
356+8.2
Na
P 291024559 26520
2-Mnap
946+19 842
1-Mnap
395423 393
An
Y 898+17 1048
Ace
106+5.6 96
1-Naphthol
45.029.5
2-Naphthol
240+4.1

Equilibrium concentrations

2 year
Batch acid

(pPH=5)
209+8.8
589417
838+19
19043.7
478+12
22163+927
76243
316£12
809+40
80.024.6
4.32£0.25

138+2.6

2 year

Batch

neutral
(pH=5.5)

35835
593+31
1146+56
190+8.4
476+23
23599+1142
787+53
32821
804+40
78.745.2
3.08+0.31

15147.9

Aged coal tar

2 year
y 7day 7day
Batch
; Aged  Aged
basic e .
_ in Air in N2
(pH=8)
41328 3.37 3.35
624+12 0.085 0.090
1325467
194+4.2 0.13 0.080
496+10 0.34 0.22
35124+4014 84.89 25.22
21114522 13.22 4.20
955+248 23.89 8.80
2082+476  182.46 60.54
319494 24.35 9.60
4.46+0.46 3.58 4.21
68.8+3.7 29.06 36.11

2 day
Aged
in Air

4.78

0.25

0.42

187.70
4217
68.80

378.86
48.06

0.26

46.49

2 day
Aged
in N2

5.71

0.19

0.29

29.93
14.91
42.29
426.99
55.94
0.28

58.43

Steady state concentrations

16 months
CFTE 2%
HzOz

0.65+0.42
0.0001+0.000007
0.12£0.042
0.0004+0.00007
0.00018+0.00003
348+190

37.5x21

14.949.3
34.0+23.8
4.27+3.1
0.025+0.001

0.011£0.0032

16 months
CFTE millipore
water

0.57+0.38
0.0001+0.000005
0.21£0.18
0.00001+0.0000007
0.00004+0.000002
4034228

50.1+£30

20.8+13

44.3+28

5.46+3.4
0.0036+0.0009

0.0090+0.0038

16 months
CFTE
degassed
millipore
water

0.54+0.37
0.00011+0.000004
0.19£0.14
0.00002+0.000001
0.00005+0.000003
400217

53.7+34

21.7215

43132

5.56£3.8

0.003040.002

0.0100+0.0065
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FIn
Phe
Ant
Fth

Py
BaA
Chr
BbF+ BkF
BaP
Indeno
DahA

BghiP

264+5.3

278+3.7

64.8+1.4

71.1+4.2

47.0£2.9

13.6+1.4

7.03+0.89

13.2+1.9

4.3+0.47

1.8+0.51

0.31+0.065
1.51+0.29

263

253

49

35

24

21

1.6

1.3

0.69

0.19

0.036

0.15

245%15

239+15

57.5+2.6

48.1+4.0

31.2+2.4

3.20+0.66

2.14+0.52

2.49+1.4

0.78+0.39

0.31+0.3

0.360.14

240£14

224+13

53.4+2.9

39.7+3.1

25.2+2.0

2.09+0.22

1.40£0.13

0.82+0.08

0.25+0.08

14561494

3602+1330

765290

3064+1202

21134808

1078+487

530+232

2083+954

1016+417

605+294

63.4+28

376+185

169.33

389.83

95.60

107.73

75.68

23.42

21.59

19.17

7.98

2.00

0.29

1.21

174.46

458.70

98.74

132.77

88.68

23.10

15.38

26.36

11.17

3.12

0.47

1.93

190.59

324.58

72.40

90.28

58.34

11.63

7.1

8.93

4.03

0.74

0.13

1.31

327.71

477.44

148.05

123.11

82.20

30.38

28.43

20.60

7.66

1.07

0.19

1.55

15.0£8.3

16.0£8.0

2.8+1.4

3.0+1.5

1.9¢1.0

0.23+0.14

0.07+0.036

0.04£0.017

0.01293+0.006

0.00186+0.001

0.00040+0.0005

0.00135+0.001

19.5£11

20.2+11

3.5£2.0

3.7x2.0

2413

0.20+0.11

0.08+0.044

0.05+0.012

0.01218+0.004

0.00099+0.0003

0.00015+0.00003

0.00097+0.0003

20.37£13

21.46£12

3.7842.2

3.99+2.3

2.52+1.4

0.20+0.13

0.09+0.051

0.04+0.012

0.01048+0.004

0.00073+0.0002

0.00074+0.0004

The data are mean value + S.D. for most of the samples, except for the 2 and 7 day aged samples.



Table 6 Aqueous phase concentrations of analyzed compounds at different time period in coal tar (aged 7 day, 2 day in air and nitrogen atmosphere)-water system (ug/L)

7 day Aged in Air 7 day Aged in N2
Day 1 2 5 9 13 17 30 45 1 2 5 9 13 17 30 45

Styrene 089 124 183 258 302 337 538 562 093 114 201 272 299 335 506 627
Phenol 003 003 004 008 008 008 009 0.11 0029 0038 0048 0088 0076 0090  0.090 0.12
Benzofuran 0,094 020
o-Cresol

005 006 007 012 013 013 013 0.4 0029 0037 0043 0074 0074 0080 0.077 0.10
m+p-Cresol 011 013 018 031 032 034 035 041 0072 0092 011 020 020 022 023 0.29
Naphthalene 738 745 831 838 847 849 815 703 24.1 235 249 248 239 252 244 25.3
2-Methylnaphthalene 101 103 124 131 131 132 132 114 364 362 398 411 407 420 422 435
1-Methylnaphthalene

153 179 200 223 236 239 204 204 763 755 634 1040 880 1137  6.00 7.21
Acenaphthylene 138 141 170 177 180 182 178 166 45.1 45.1 545 563 560 605  62.4 67.1
Acenaphthene 186 187 225 238 240 243 251 227 735 740 874 908 889 960 9.7 9.98
1-Naphthol 009 030 358 206 028 009 019 0.0 012 058 421 678 065 011 028
2-Naphthol 104 145 214 325 321 291 316  30.1 15.1 213 278 428 372 361 453 37.9
Fluorine 136 139 163 166 165 169 141 130 147 143 167 169 164 174 142 149
Phenanthrene 307 308 357 373 372 390 369 339 364 347 405 429 417 459 404 436
Anthracene 726 761 970 106 102 956 795 759 85.1 825  99.0 110 990 987  81.1 78.7
Fluoranthene 625 700 904 931 996 108 160 148 703 672 919 106 113 133 147 179
Pyrene

392 445 577 580 642 757 147  97.4 465 435 429 870 774 887 989 123
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Benz(a)anthracene
Chrysene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(a)pyrene
Indeno(1,2,3-cd)pyrene
Dibenzo(a,h)anthracence

Benzo(g,h,i)perylene

Day
Styrene
Phenol
Benzofuran
o-Cresol
m+p-Cresol
Naphthalene
2-Methylnaphthalene
1-Methylnaphthalene
Acenaphthylene

Acenaphthene

3.07

1.86

1.66

0.33

1.90

0.13

0.09

0.32

0.89

146

35.4

55.2

385

47.9

7.20

5.22

5.59

1.46

0.34

0.40

2.03

0.18

0.08

0.37

1.04

142

35.7

58.5

390

48.9

15.5

13.5

13.7

5.74

2.38

0.39

1.47

3.26

0.15

0.15

0.31

0.78

176

43.2

68.7

429

53.5

221 25.4 23.4
21.3 23.8 21.6

12.3 16.8 19.2

5.21 669  7.98
1.40 1.81 2.00
0.17 0.19  0.29
0.90 116 121
2 day Aged in Air
9 13 14
3.90 456  4.69
0.18 019  0.21
0.25 0.24 0.25
0.36 0.35 040
0.90 0.91 1.05
163 165 143
39.7 409 395
63.3 653 687
398 414 431

49.6 52.1 54.6

29.3

16.3

38.4

16.5

6.85

1.03

9.38

18

4.78

0.25

0.22

0.42

1.11

188

42.2

68.8

379

48.1

27.0

16.4

30.1

121

2.39

0.29

4.84

30

6.70

0.29

0.31

0.50

1.34

174

43.5

67.1

430

53.5

45

7.24

0.28

0.18

0.47

1.27

171

41.7

65.2

426

52.9

5.22

4.21

3.18

0.78

2.30

0.13

0.00

0.26

1.00

41.8

16.7

45.2

395

51.4

5.48

4.50

3.74

0.92

0.40

0.21

2.73

0.16

0.00

0.27

1.08

33.8

15.0

44.3

397

51.8

10.6

8.12

9.19

3.93

0.97

0.075

0.80

3.76

0.16

0.00

0.30

1.25

201

12.3

454

412

54.7

219 222
188  16.7
18.0 221
824 894
247 279
0.38 024
163  1.84
2 day Aged in
9 13
3.05  4.41
013  0.14
0.00 0.00
021 022
079 085
197 287
85 142
31.9 404
297 398
36.1 52.9

N2

23.1

15.4

26.4

11.2

3.12

0.47

1.93

19

5.71

0.19

0.00

0.29

111

29.9

14.9

42.3

427

55.9

19.7

12.2

25.0

3.28

0.52

4.09

30

6.41

0.20

0.12

0.27

1.08

28.8

14.3

40.8

403

53.7

25.5

12.2

34.2

13.5

3.07

0.38

6.23

45

7.46

0.19

0.19

0.26

1.07

29.6

14.5

40.3

409

54.2
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1-Naphthol

0.16

2-Naphthol 312
Fluorine 203
Phenanthrene 329
Anthracene 76.7
Fluoranthene 68.4
Pyrene 42.9
Benz(a)anthracene 6.56
Chrysene 4.02
Benzo(b)fluoranthene 211
Benzo(a)pyrene 0.54
Indeno(1,2,3-cd)pyrene 0.11
Dibenzo(a,h)anthracence 0027
Benzo(g,h,i)perylene 0.48

0.19

34.9

199

321

76.3

66.2

60.3

6.48

4.00

242

0.66

0.14

0.027

0.58

0.22

37.9

216

350

88.0

78.9

75.6

10.6

6.61

3.40

0.95

0.16

0.028

0.44

0.20

35.6

197

319

77.0

65.3

40.8

6.72

4.15

1.05

0.69

0.11

0.016

0.21

0.21

37.0

207

342

80.8

83.1

52.2

9.12

5.63

5.21

2.08

0.36

0.075

0.81

0.28

48.9

215

361

115

90.1

73.0

14.2

131

7.99

3.19

0.52

0.064

0.26

46.5

191

325

72.4

90.3

58.3

115

7.11

8.93

4.03

0.74

0.13

131

0.00

38.9

217

387

75.1

127.9

84.4

14.9

7.88

17.3

6.79

1.42

0.18

3.07

0.00

35.8

216

396

78.0

138.1

90.2

17.4

9.20

15.06

5.73

0.47

0.06

0.94

0.20

49.8

284

370

85.3

70.0

44.4

6.09

3.75

2.14

0.60

0.082

0.014

0.21

0.17

52.3

290

382

106

72.0

45.8

9.72

5.95

2.81

0.82

0.11

0.017

0.33

0.23

73.0

313

428

194

87.3

53.3

14.01

15.13

5.62

2.07

0.21

0.046

0.49

0.24

47.6

216

310

135

70.7

44.3

15.99

19.43

9.61

3.56

0.44

0.20

55.0

306

430

152

104

76.2

19.76

20.89

17.29

6.64

0.12

1.75

0.18

58.4

328

477

148

123

82.2

30.38

28.43

20.60

7.66

1.07

0.19

1.55

45.3

315

507

137

191

121.3

46.19

36.74

43.78

15.73

2.92

0.41

7.14

45.7

305

453

117

123

76.3

32.10

32.65

15.71

5.36

0.56

0.10

1.31

Italic marked the data of equilibrium aqueous phase concentrations.
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Appendix Figure Partitioning coefficient (Po) vs. S;and S; g, for compounds in fresh and treated

coal tars
Styrene, 2,3-Benzofuran, o-Cresol and 1-MNap are liquid in the ambient temperature, therefore,

the diamond and square points were overlapped.
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